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ABSTRACT OF DISSERTATION 
 
 
HYDROGENATION AND HYDROGENOLYSIS OF FURAN DERIVATIVES USING  
BIPYRIDINE-BASED ELECTROPHILIC RUTHENIUM(II) CATALYSTS 
  
 The catalytic activity of ruthenium(II) bis(diimine) complexes cis-[Ru(6,6′-
Cl2bpy)2(OH2)2](Z)2 (2, Z = CF3SO3; 3, Z = (3,5-(CF3)2C6H3)4B ,i.e. BArF),  cis-
[Ru(4,4′-Cl2bpy)2(OH2)2](Z)2 (4, Z = CF3SO3; 5, Z = BArF) and cis-
[Ru(bpy)2(PR3)(OH2)](CF3SO3)2 (7, bpy = 2,2’-bipyridine, PR3 = P(C6H4F)3; 8, bpy = 
2,2-bipyridine, PR3 = PPh3; 9, bpy = 4,4’-dichloro-2,2’-bipyridine, PR3 = PPh3; 10, bpy = 
4,4’-dimethyl-2,2’-bipyridine, PR3 = P(C6H4F)3) for the hydrogenation and 
hydrogenolysis of furfural (FFR), furfuryl alcohol (FFA) and 5-hydroxymethylfurfural 
(HMF) was investigated. The compounds 2-5 are active and highly selective catalysts for 
the hydrogenation of FFR to FFA. Using 2 as catalyst at 100 °C, hydrogenation of FFR 
proceeded to high conversion (≥98%) and with 100% selectivity to FFA in 2 h. The 
catalyst cis-[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 (2) also showed some activity for 
hydrogenolysis of FFR and FFA at 130 °C in ethanol,  giving up to 25% of 2-methylfuran 
(MF) yield. The catalyst 3 also displayed high catalytic activity for the hydrogenation of 
FFA to tetrahydrofurfuryl alcohol.  
 Catalysts 7-10 are also active towards the hydrogenation of furfural (FFR) in 
NMP giving >90% FFR conversion with 100% selectivity for furfuryl alcohol (FFA) in 
12 h. Compounds 7-10 are active C-O bond hydrogenolysis catalysts in presence of 
bismuth halide Lewis acids. For example, hydrogenolysis of FFA in the presence of 1 
mol% of catalyst cis-[Ru(4,4’-Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9) and 20 mol% bismuth 
bromide at 180 °C/51 atm H2 pressure  gave >96% conversion of FFA and 55% MF 
yield. Compounds 7-10 in the presence of bismuth halides, showed almost 100% 
conversion of HMF with a very high selectivity (65-72%) for 2,5-DMF, along with 10-
12% of MF, and trace amount of 5-methylfurfural (MeFFR). In order to test the activity 
of ruthenium hydrides towards the C-O bond hydrogenation and hydrogenolysis of HMF, 
series of monocationic ruthenium complexes cis-[Ru(bpy)2(PR3)(H)](CF3SO3) (12, bpy = 
2,2’-bipyridine, PR3 = P(C6H4F)3; 13, bpy = 2,2-bipyridine, PR3= PPh3; 14, bpy = 4,4’-
dimethyl-2,2’-bipyridine, PR3= P(C6H4F)3) were prepared. The hydrogenation of HMF 
using catalysts 12-14, produced 70-72% of 2,5-DMF and 11% MF, suggesting that 
ruthenium hydrides are active and efficient catalysts for HMF hydrogenation.  
 
 
 
Keywords: catalytic hydrogenation; carbon–oxygen bond hydrogenolysis; ruthenium 
bis(diimine) complexes; furfuryl alcohol; 5-hydroxymethylfurfural. 
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CHAPTER 1: Introduction and literature review 
1.1. Motivation of study 
Non-renewable fossil resources (coal, natural gas, and petroleum) are currently 
the main feedstock for production of energy and chemicals. In addition to producing most 
transportation fuels, petroleum is also the feedstock used for production of roughly 95% 
of organic chemicals.
1,2
 However, world demand for energy and petrochemicals is 
expected to outstrip petroleum production in as quickly as two decades and natural gas 
resources will be increasingly inaccessible. These concerns, together with growing 
political and economic apprehension associated with our society’s dependence on 
petroleum, have spurred the demand for renewable energy and chemical products. Hence 
renewable biomass energy resource usage has increased tremendously from the past 
several decades.
3
 These biomass resources includes wood and wood wastes, agricultural 
crops and their waste byproducts, municipal solid waste, animal wastes, waste from food 
processing, aquatic plants and algae. Alternative energy sources may include solar, wind, 
geothermal, nuclear, and cellulosic biomass fuels. While it is important to recognize that 
there may not be a single approach that can meet all the energy demands we have for the 
future, the potential contribution of carbohydrate biomass derived fuels and chemicals 
can be significant as this can address at least part of the energy requirement problem that 
the world is facing.  
Carbohydrate biomass is an abundant, carbon-neutral source that consists of a 
broad range of compounds with different oxygen contents and molecular weights. It is a 
potentially competitive renewable feedstock for the production of transportation fuels and 
organic chemicals.
4
 Lignocellulosic biomass consists of three major groups of polymers:
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(A) 
  
(B) 
(C) 
Figure 1.1. (A) structure of cellulose, (B) typical fragment of lignin, and (C) 
hemicellulose 
hemicellulose (23-32 wt%), cellulose (38-50 wt%) and lignin (15-25 wt%) (Figure 1.1).
5
 
The hemicellulose fraction includes xylose, glucose, mannose, arabinose and galactose. 
The cellulose fraction consists of highly crystalline linear homopolysaccharide with β-1,4 
glycosidic linkages of D-glucopyranose monomers, and it is the main constituent of 
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wood. The lignin fraction contains polymers of coniferyl, sinapyl and coumaryl alcohol 
structures joined together by phenylpropyl linkages.
5
 
However, use of carbohydrate biomass as a sustainable carbon resource will 
require the development of very different chemistry than that used for fossil resources. 
This is because, in contrast to petroleum and natural gas resources, promising 
carbohydrate biomass-derived carbon resources, such as sugars, furan derivatives, and 
polyalcohols, are generally characterized by an abundance of reactive oxygen functional 
groups, such as alkoxy (OR; e.g. in ethers and hemiacetals), carbonyl (C=O), and/or 
hydroxyl (OH) groups, they can exhibit very high reactivity which is difficult to control, 
and very different from the typical chemistry of alkanes, alkenes, and arenes obtained 
from either crude oil or natural gas.  Hence efficient technologies need to be developed 
for selectively deoxygenating molecules derived from biomass resources, so that they can 
be integrated into the existing energy and petrochemical production streams.  
1.1.1. Conversion of lignocellulosic biomass into fuels and chemicals 
 The production of fuels and chemicals from biomass mainly involves removal of 
oxygen containing functional groups. Conversion of biomass into biofuel and chemicals 
can be carried out using different routes mainly gasification, pyrolysis, and acid 
hydrolysis (Figure 1.2).
6
 In the gasification process, the biomass will react with oxygen 
and steam at a very high temperature (>700 °C) to produce syngas (synthesis gas), which 
is a mixture of gases containing hydrogen, carbon monoxide, and carbon dioxide.
7 
Syngas 
can be further converted to transportation fuel and other liquid products by the Fisher-
Tropsch process,
6,8
 it can also be converted into hydrogen, methanol, methane, ammonia, 
and hydrocarbons.   
4 
 
Liquefaction and pyrolysis are also thermochemical conversion pathways. 
Pyrolysis is generally carried out under an inert atmosphere at a moderate temperature 
between 250 °C to 600 °C.
9 
This method is mainly used to convert biomass feedstock into 
bio-oil. In liquefaction process first the biomass feedstock will be converted into a 
biocrude products, and crude oil, which can be further upgraded into hydrocarbon 
products such as gasoline, and diesel fuel. Along with desired products this process also 
produces lots of low value liquids and gases in significant amount which makes this 
method less efficient.
6 
 
Figure 1.2. Strategies for converting biomass into liquid fuels and chemicals
6
 
The hydrolysis of lignocellulosic biomass converts cellulose and hemicellulose 
into individual sugar molecules. Biomass is hydrolyzed either by direct hydrolysis or by 
enzymatic hydrolysis.
10 
Direct hydrolysis is done mostly using mineral acids, mainly 
sulfuric acid, hydrochloric acid, and phosphoric acid.
11
 In enzymatic hydrolysis, the 
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cellulose is first subjected to pretreatment using chemical or physical pretreatment 
method which will reduce the crystalline structure of cellulose separating it from lignin, 
and also increases its surface area. The glucose and sucrose sugar can be then fermented 
to produce ethanol. These sugar molecules can be converted into aromatic hydrocarbons 
and to valuable chemicals by chemical catalytic treatments such as dehydration, 
hydrogenolysis etc.
11,12 
1.1.2. Biomass derived furan derivatives and their applications 
As mentioned in previous section the hydrolysis of cellulose and hemicelluloses 
gives rise to individual sugar molecules. Sugar molecules such as glucose and fructose 
can then be converted into fuels and useful chemicals. Among this, conversion of sugar 
molecules into value added furan derivatives are of high interest, because, furan 
derivatives are highly attractive as renewable chemical platforms for the production of 
fuels and chemical intermediates. Furan derivatives, such as furfural (FFR), furfuryl 
alcohol (FFA), 2-methylfuran (MF), 5-hydroxymethylfurfural (HMF), and 2,5-
dimethylfuran (2,5-DMF) (Figure 1.3) have been recognized as valuable compounds that 
bridge carbohydrate chemistry and petroleum-based industrial chemistry because of the 
large variety of chemical intermediates and end-products that they can produce.
13
 
Specifically, HMF, obtained mainly by acid-catalyzed dehydration of sugars, could play a 
key role in the establishment of a biomass-based chemical platform since it can readily be 
converted into a variety of useful acids, aldehydes, alcohols, and amines, as well as the 
promising liquid fuel 2,5-dimethylfuran (2,5-DMF) (Figure 1.4).
14-16  
For example, 2,5-
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Figure 1.3. Industrially valuable furan derived from biomass 
furandic-boxylic acid can substitute terephthalic acid and adipic acid in the production of 
Nylon 66 polyester, and other polymers (derived from HMF) containing organic moiety. 
2,5-bis(hydroxymethyl)furan are used in polyurethane foams.
17,18 
Another important 
potential application of HMF is in the production of 2,5-dimethylfuran (2,5-DMF), which 
is a potential alternate liquid transportation fuel; the energy content of 2,5-dimethylfuran 
(31.5 MJ/L) is similar to that of gasoline (35 MJ/L) and 40% greater than that of ethanol 
(23 MJ/L),
19,20
 which currently is the only renewable liquid fuel that is produced in large 
quantities. Moreover, 2,5-DMF is less volatile (bp = 92-94 °C) than ethanol (bp = 78 °C) 
and is immiscible with water, unlike ethanol. All these properties strongly indicate the 
excellent potential of a 2,5-dimethylfuran (2,5-DMF) as a transportation fuel. Hence the 
development of highly active and selective catalysts for the conversion of HMF into 2,5-
DMF is a vital scientific goal and one of the primary goals of my research project.  
 
5-Hydroxymethylfurfural 
 (HMF) 
    Furfuryl alcohol (FFA) 
     2,5-dimethylfuran  
(2,5-DMF)  
Furfural (FFR) 2-methylfuran (MF) 
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Figure 1.4. Various chemical intermediates derived from HMF 
 Another important biomass-derived furan derivative is furfural (FFR). Furfural is 
a versatile industrial chemical
21
 and its catalytic vapor phase hydrogenation is often used 
to produce furfuryl alcohol (FFA) and 2-methylfuran (MF) (Figure 1.5),
22,23
 both of 
which are important intermediates in the fine chemicals industry. Uses of MF include the 
synthesis of crysanthemate pesticides, perfume intermediates, and chloroquine lateral 
chains in medical intermediates.
24-26
 FFA is also widely used in the production of various 
synthetic fibers, rubbers, and resins.  It is also used in fine chemicals, farm chemicals, 
and dark thermostatic resins that are resistant to acids, bases, and various solvents.
23,27
 
FFA is also the starting material for the manufacture of tetrahydrofurfuryl alcohol 
(THFA), which is widely used as a solvent for various industrial applications.
28 
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Figure 1.5. Schematic diagram of conversion of biomass to chemicals and fuels  
However, renewable biomass resources and molecules derived from them, such as 
sugars, HMF, FFR are over functionalized with reactive oxygen containing groups, hence 
cannot be directly applied in existing industrial process. Therefore, converting biomass 
into useful chemical intermediates requires new catalytic pathways which remove some 
of the oxygen-groups and reduce the hydrophilicity of the compounds. Cleavage of a C-O 
bond is a clear requirement for deoxygenating carbohydrate biomass-derived molecules. 
Thus, C-O bond hydrogenolysis, whereby a C-O bond is cleaved by reaction with 
hydrogen gas, represents a highly attractive deoxygenation pathway, since the reaction 
would result in replacement of a reactive oxygen functional group (e.g. C-OH) with a less 
reactive C-H bond. In this context, extensive studies have been reported on the reactivity 
of heterogeneous hydrogenolysis catalysts, such as copper chromite (CuCrO4), Cu/C 
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catalysts, Cu-Ru/C catalysts, amorphous alloy catalysts, such as Ni-Cu or Fe-Cu, Rh-
MOx/SiO2 (M = Mo, W, or Re) catalysts, Raney nickel catalysts, Pt/C, and Pd/C 
catalysts.
29-32
 Further, homogeneous hydrogenolysis catalyst systems based on [(P-
P)Pd(OAc)2] and [Rh(CO)2(acac)]/H2WO4 have been patented,
33 
and ruthenium-based 
systems [RuH2CO(PPh3)3], [{Cp*Ru(CO)2}2(μ-H)]OTf (1, Cp* = C5Me5 and OTf = 
CF3SO3
-
), and [Ru(6,6’-Cl2bpy)2(H2O)2](OTf)2 (2, 6,6’-Cl2bpy = 6.6’-dichloro-2,2’-
bipyridine)
33-37
 have been reported. In spite of the extensive studies, very few catalyst 
systems that are even modestly efficient at cleaving C-O bonds have been discovered.
33 
Furthermore, the majority of the reported catalyst systems are heterogeneous in nature, 
hence they are not readily amendable to study or modification. Therefore, there is a 
continuous need for the development of homogeneous C-O bond hydrogenolysis catalysts 
that display high activity and product selectivity. Besides in many instances, the use of 
soluble catalysts is to be preferred over heterogeneous catalysts for studies of the reaction 
mechanism(s) and the origin of by-products. 
1.2. Background 
1.2.1. Synthesis of furfural (FFR) from biomass  
Furfural (FFR) is an important furan derivative obtained from biomass which has 
been recognized as a potential platform for biofuels and chemical intermediates.
38,39
 
Furfural is produced by the hydrolysis and dehydration of Xylan (Figure 1.6) contained in 
lignocellulose.
40
 Several research groups have shown that dehydration of xylose to 
furfural can be achieved using acid catalysts, including mineral acids,
41 
zeolites,
42
 and 
heteropolyacids.
43 
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Furfural is produced in industry from pentosan (eg. hulls, oats, corncobs, etc.,) 
using Quaker Oats technology which was first employed in 1921.
40
 This method uses 
sulfuric acid as a catalyst at 153 °C and gave a yield up to 40-52%.
44,45
 Alternatively, the 
Rosenlew process uses no foreign acids, instead this method uses a mixture of acetic acid, 
formic acid, and other acids formed from the raw material. Since these method uses 
corrosive and toxic acids, this will make separation of the product difficult, and hence 
recovery of furfural challenging. Another drawback is formation of extensive side 
products which limits the furfural yield.
45 
In order to improve the furfural yields and to 
overcome the use of toxic acids several different attempts have been made.  
 
Figure 1.6. Synthesis of furfural from xylan 
Aiouache and coworkers have studied the dehydration of xylose to furfural in 
water, using ZSM-5 zeolite catalyst at 200 °C, and obtained 46% furfural yield over 18 
min.
128  
The dehydration of xylose to furfural using Amberlyst-15 as catalyst, at 110 °C 
gave 24% furfural yield in 60 min.
129 
But the dehydration of xylose to furfural in water 
leads to many side reactions, which decreases the yield of furfural.
129, 130 
The undesired 
decomposition reactions of furfural can be avoided using biphasic reactor system, so that 
furfural can be extracted into organic phase leaving aqueous acidic phase. For example, 
Dumesic and coworkers used biphasic reactor system containing a reactive aqueous layer 
11 
 
(mixture of water–DMSO) and an organic solvent such as MIBK–2-butanol (MIBK = 
methylisobutylketone) with HCl as a catalyst, and obtained 71% conversion of xylose 
and 91% selectivity for furfural.
44 
The dehydration of xylose at 160 °C in water-THF 
biphasic system increased the yield of furfural from 47% (with water) to 79% by 
extracting out the furfural from aqueous phase before it can undergo undesired 
reactions.
46 
 
Ebitani and coworkers have shown that 37% furfural yield can be obtained from 
xylose dehydration, using combination of Amberlyst-15 and hydrotalcite as catalysts in 
N,N-dimethylformamide, at 100 °C in 3 h.
131
 Recently, mixture of Amberlyst-15 as solid 
acid catalyst and hydrotalcite (HT) as solid base catalyst was used to obtain 26.5% of 
furfural yield at 120 °C.
47 
For instance, dehydration of xylose to furfural was achieved 
using zeolite as a catalyst at 170 °C in a solvent mixture containing water and 
methylisobutylketone (MIBK) or toluene (1:3 by volume) to achieve a 95% selectivity of 
furfural for 30% xylose conversion. Zhao and coworkers obtained 63% furfural yield 
from xylan, using CrCl3 as a catalyst in ionic liquids under microwave irradiation at 200 
°C in 2 min.
49 
Suarez and coworkers have obtained furfural from xylose in 85% yield for 
>95% conversion using acid-functionalized RT-ILs (room temperature ionic liquids) 
under microwave assisted heating at 180 °C in 1 h.
48  
The conversion of xylose to furfural 
in acid ionic liquid [EMIM][HSO4] produced 84% of furfural yield at 100 °C in 6 h.
72 
 A 
very good yield of furfural was achieved by Chou and coworkers using 1-(4-sulfonic 
acid)butyl-3-methylimidazolium hydrogen sulfate ([SBMIM][HSO4]) as a catalyst. The 
author has reported 95.3% xylose conversion and 91.5% furfural selectivity in 25 min at 
150 °C.
50 
Even though a good conversion of xylose was obtained in ionic liquids, with 
12 
 
high yield of furfural (92%), use of ionic liquids in industry is critical, because ionic 
liquids are very expensive. Also, separation and purification of FFR from ionic liquids 
has not been demonstrated completely.   
1.2.2. Conversion of biomass into 5-hydroxymethylfurfural (HMF) 
As discussed in Section 1.1.2, HMF is starting material for the synthesis of many 
valuable chemicals and potential fuels. Several different methods have been utilized for 
the synthesis of HMF from biomass (Figure 1.7). Catalytic systems for HMF production 
via dehydration of fructose have been demonstrated in water,
51-55
 organic solvents,
56-59
 
multiphase systems,
44,60-62
 and ionic liquids.
63-65
 Aqueous processes while attractive for 
both ecological and technological reasons can be inefficient because HMF readily reacts 
in water to form levulinic acid and formic acid. While heterogeneous H-form zeolite 
catalysts can be recycled and have good selectivity (60-90%), they have only low 
fructose conversions (30-60%) even at reaction times as long as 2 h.
52,53
 Solid acid 
catalyst sulfated zirconia was effective for fructose conversion to HMF in acetone-
DMSO solvent mixtures, yielding 72.8% HMF for 93.6% fructose conversion in 70:30 
(w/w) acetone/DMSO at 180 °C after 20 minutes.
66
 However, exposure of sulfated 
zirconia to a water atmosphere leads to significant reduction in its catalytic activity. 
Continuous dehydration of fructose in DMSO using a strongly acidic 
polydivinylbenzene-based ion-exchange resin has been reported to furnish HMF in 
yields up to 90% under mild conditions.
57
 However a key drawback of this process is the 
energy intensive purification procedures required for DMSO removal, since trace 
amounts of DMSO are detrimental to fuel quality. Recently, the addition of acetone to 
the DMSO solvent was claimed to improve the product separation efficiency and  
13 
 
 
 
Figure 1.7. Conversion of Fructose to HMF and 2,5-DMF 
promote the formation of HMF from fructose; use of 70:30 (w/w) acetone/DMSO 
mixture resulted in 91.7% selectivity for HMF for a fructose conversion of 97.9% at 150 
°C in the presence of a strongly acidic styrene-divinylbenzene-based cation-exchange 
resin catalyst under microwave heating.
67
 HCl-catalyzed dehydration of fructose in a 
biphasic reactor using an aqueous phase saturated with NaCl and a low-boiling solvent, 
such as 1-butanol, has been reported to yield HMF with up to 82% selectivity
62
 albeit the 
product stream, even after multiple purification steps, contained trace levels of HCl and 
NaCl which proved detrimental to the efficiency of catalytic hydrogenolysis of HMF to 
2,5-DMF.  
 Several researchers have been demonstrated the synthesis of HMF from fructose 
in ionic liquids. 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) and 1-butyl-3-
methylimidazolium chloride ([BMIM]Cl) are two ionic liquids commonly used (Table 
1.1) for HMF synthesis as they dissolve high concentration of cellulose.
68-70 
Zhang and 
his workers investigated the synthesis of HMF from fructose using  1-butyl-3-
methylimidazolium bisulfate ([BMIM][HSO4]) and 1-(4-sulfobutyl)-3-
methylimidazolium bisulfate ([SBMIM][HSO4]) as a catalyst with 5 mol% loading  at 80 
°C, and reported 80% HMF yield in ([BMIM][HSO4]) and 91% of HMF yield in 
14 
 
([SBMIM][HSO4]) in about 30 min.
71
 Use of acidic ionic liquid such as 1-ethyl-3-
methylimidazolium hydrogen sulfate [EMIM][HSO4] as a catalyst  at 100 °C converted 
fructose to HMF in 30 min with 100% conversion and 79% HMF selectivity. When 
[EMIM][HSO4] was used with MIBK, the HMF yield increased to 88%.
72
 Acid catalyzed 
dehydration of fructose to HMF using 1-H-3-methylimidazolium chloride ([HMIM]Cl) as 
a solvent and a catalyst at lower temperature of about 90 °C  gave 92%  HMF for total 
conversion of fructose in 45 min.
63
  Li and coworkers obtained 69.4% and 72.3% HMF 
from fructose using N-methyl-2-pyrrolidonium methyl sulfonate ([NMP][CH3SO3]) and 
N-methyl-2-pyrrolidonium hydrogen  sulfate ([NMP][HSO4]) as solvent in DMSO at 120 
°C in 2 h (Table 1.1).
73 
Even though high yield of HMF can be obtained using ionic 
liquids, the fact that ionic liquids are very expensive, will make this method not 
promising for synthesizing HMF in industrial scale. Also, this approach mainly uses an 
expensive fructose as substrate. 
Table 1.1. Conversion of carbohydrates to HMF using ionic liquid catalysts 
Entry Sub. Catalyst Solvent T 
( °C) 
t 
(min) 
Yield 
(%) 
ref 
1
a 
Fructose [HMIM]Cl [HMIM]Cl 90 45 92 63 
2
b
 Fructose [EMIM][HSO4] [EMIM][HSO4]
/toluene 
100 30 79 72 
3
c
 Fructose [EMIM][HSO4] [EMIM][HSO4]
/MIBK 
100 30 88 72 
4
d
 Fructose  [BMIM][HSO4 [BMIM]Cl 80 30 80 71 
5
e
 Fructose [SBMIM][HSO4] [SBMIM]Cl 80 26 91 71 
6
f
 Fructose [NMP][CH3SO3] DMSO 120 120 69.4 73 
7
g
 Fructose  [NMP][HSO4 ] DMSO 120 120 72.3 73 
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Reaction conditions: a 0.6 mol IL and 0.12 mol fructose; b 120 g fructose/dm3 IL; c120 g fructose/dm3 IL; d 
4.0 g IL and 0.4 g fructose; e 4.0 g IL and 0.4 g fructose; f 0.75 mol% IL, 1.0 g fructose, and 12 mL solvent; 
g 0.75 mol% IL, 1.0 g fructose, and 12 mL solvent. 
1.2.2.1. Synthesis of HMF using metal catalysts 
Catalysts based on Cr, Sn, Al, and various lanthanide metals have been used for 
the conversion of carbohydrates into HMF (Table1.2), and among these, chromium-based 
catalysts are most well established for converting sugar molecules into HMF. For 
example, CrCl2 and CrCl3 catalysts in 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) 
as solvent enabled HMF production at 120 °C from fructose in up to 73% yield in 3 h. 
CrCl2 in [EMIM]Cl furnished HMF from glucose at 100 °C in good yield (68 to 70%).
64
 
HMF yield of 81% was achieved from glucose using 6 mol% CrCl2 in DMA containing 
10 wt % LiBr or NaBr at 100 °C for 5-6 h; Cr is proposed to facilitate conversion of 
glucose to HMF by catalyzing its isomerization into fructose, the latter is then converted 
into HMF.
20,64
 The DMA metal halide solvent system also enabled HMF production from 
cheap inedible cellulosic and lignocellulosic biomass resources
24
 although the yield of 
HMF was only moderate and use of expensive ionic liquid co-solvent ([EMIM]Cl) was 
required: HMF yield of up to 54% was achieved from cellulose using 25 mol% CrCl2 and 
6 mol % HCl in DMA containing 10 wt % of LiCl and ~60 wt % [EMIM]Cl at 140 °C for 
2 h while HMF yield of up to 48% was achieved from lignocellulosic biomass (untreated 
corn stover) using 10 mol% CrCl3 and 10 mol % HCl in DMA containing 10 wt % of 
LiCl and ~60 wt % [EMIM]Cl at 140 °C for 2 h.
20
 Reactions of various saccharides using 
CrCl3 with ammonium halides in DMA have been also reported (Table1.2).
74
 Zhang and 
coworkers studied cellulose to HMF conversion using a mixture of CrCl2 and CuCl2 as a 
catalyst in [EMIM]Cl at  120 °C for 8 h, and obtained 59% HMF yield.
75 
Clearly, copper 
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chromium-based systems are efficient catalyst to convert not only fructose, but also 
glucose, cellulose, and sucrose into HMF. Copper chromite catalysts are most often 
employed in industry. However, new environmental regulations now restrict disposal of 
deactivated copper chromite catalysts in landfill sites because of high toxicity of Cr. 
Hence there is strong incentive for the development of new Cr-free catalysts that exhibit 
high selectivity for HMF.
 
Han and coworkers studied the conversion of glucose to HMF using Lewis acidic 
SnCl4 in 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMim]BF4),
76
 the HMF yield 
of 61% was achieved at 100 °C in 3 h (Table 1.2, entry 11). Under the similar reaction 
conditions, fructose gave 62% HMF yield (Table 1.2, entry 10). The formation of a five 
membered ring chelating complex of Sn with hydroxyl groups on glucose was proposed 
to be the key step for the formation of HMF. Even though satisfactory results were 
obtained using SnCl4, due to the toxicity of several tin complexes, this system may not be 
the best one to use and also this method uses expensive ionic liquid ([EMim]BF4). 
 In recent years, aluminum systems have been used as a replacement for copper 
chromium-based systems. For example, Hu and coworkers found that Lewis acid catalyst 
such as AlCl3 is very effective to catalyze glucose into HMF.
77
 When AlCl3.6H2O was 
used as a catalyst in water/THF biphasic medium, 98% conversion of glucose was 
obtained in 30 min at 160 °C giving 65% HMF yield, and under the similar conditions 
cellobiose gave 58% HMF yield in 10 min. When lignocellulosic biomass was utilized as 
a feedstock, the HMF yield up to 51-66% was obtained. The HMF yield decreased when 
water was used as solvent at 160 °C giving 22% HMF yield in 10 min, and there was also 
formation of lactic acid, levulinic acid and other side products. In presence of acid 
17 
 
catalyst in water, HMF reacts with glucose forming insoluble humins which will reduce 
the HMF yield.
77 
Therefore, water immiscible organic solvents are added to extract the 
HMF from the aqueous layer, and hence biphasic systems were further studied by several 
research groups. Dumesic and coworkers have reported the production of HMF from 
glucose using biphasic media containing water and THF or SBP (2-sec-butylphenol) as 
the organic phase, with various Lewis acids catalyst such as AlCl3, SnCl4, VCl3, GaCl3, 
and InCl3 along with Bronsted acid such as HCl (Table 1.2, entries 15-19).
78
 The AlCl3 
gave 62% HMF yield in 40 min at 170 °C (Table 1.2, entry 15). SBP was better as 
extracting solvent when compared to THF giving 60% HMF yield. The main advantage 
of this system is, ability to recover high amount of HMF by removing the organic layer, 
and the reactive aqueous layer can be recycled.  
 Several Lewis acidic lanthanide metals have been reported for the conversion of 
fructose to HMF. For example, Ishida and coworkers showed that Lewis acidic 
lanthanide(III) ions such as NdCl3 , EuCl3,  DyCl3, and LuCl3 are efficient catalysts for 
the conversion of saccharides (D-glucose, D-galactose, D-fructose, D-mannose, and L-
sorbose) into HMF.
59
 Among all the saccharides, the dehydration of D-fructose in DMSO 
at 100 °C in 12 h with lanthanide halides gave very good HMF yield (90-95%) (Table 
1.2, entries 20-23). The yield of HMF was very low using D-glucose (19.6%). In 
previous work, they observed that reaction of glucose using various lanthanide(III) ions 
in water as a solvent showed some decomposition of HMF.
79  
Table 1.2. Conversion of carbohydrates to HMF using metal catalysts
 
Entry Substrate Catalyst Solvent T 
( °C) 
t Yield 
(%) 
ref 
1
a
 Fructose CrCl2 ([EMIM]Cl) 120 3h 73 64 
18 
 
2
b
 Glucose CrCl2 ([EMIM]Cl) 100 3h 70 64 
3
c
 Glucose  CrCl2 DMA-NaBr 100 5-6h 81 20
b 
4
d
 Cellulose CrCl2 DMA-LiCl  140 2h 54 20
b 
5
e
 Corn stover CrCl3 DMA-LiCl 140 2h 48 20
b 
6
f
 Cellulose CrCl2/CuCl2 [EMIM]Cl 120 8h 59 75 
7
g
 Glucose CrCl3/NH4Br DMA 100 1h 74 74 
8
h
 Fructose CrCl3/NH4Br DMA 100 1h 92 74 
9
i
 sucrose CrCl3/NH4Br DMA 100 1h 87 74 
10
j
 Fructose 
(200 mg) 
SnCl4 (10 
mol%) 
[EMIM]BF4 100 3h 62 76 
11
k
 Glucose 
(1.0 g) 
SnCl4 (10 
mol%) 
[EMIM]BF4 100 3h 61 76 
12
l
 Glucose 
(0.25 mmol) 
AlCl3-6H2O 
(0.025 mmol) 
3:1 
THF/H2O 
160 30mi
n 
65 77 
13
m
 Cellobiose 
(0.25 mmol) 
AlCl3-6H2O 
(0.1 mmol) 
3:1 
THF/H2O 
160 10mi
n 
58 77 
14
n
 Glucose 
(0.25 mmol) 
AlCl3-6H2O 
(0.1 mmol)  
H2O 160 10mi
n 
22 77 
15
o
 Glucose (5 
wt%) 
AlCl3/HCl 2:1 
SBP/H2O 
170 49mi
n 
68 78 
16
p
 Glucose (5 
wt%) 
SnCl4/HCl 2:1 
SBP/H2O 
170 45mi
n 
58 78 
17
q
 Glucose (5 
wt%) 
VCl3/HCl 2:1 
SBP/H2O 
170 90mi
n 
53 78 
18
r
 Glucose (5 
wt%) 
GaCl3/HCl 2:1 
SBP/H2O 
170 120
min 
50 78 
19
s
 Glucose (5 InCl3/HCl 2:1 170 150 52 78 
19 
 
wt%) SBP/H2O min 
20
t
 Fructose 
(0.20M) 
NdCl3 (5.0 mM) DMSO 100 12h 90.5 59 
21
u
 Fructose 
(0.20M) 
EuCl3 (5.0 mM) DMSO 100 12h 91.8 59 
22
v
 Fructose 
(0.20M) 
DyCl3 (5.0mM) DMSO 100 12h 93 59 
23
w
 Fructose 
(0.20M) 
LuCl3 (5.0mM) DMSO 100 12h 94.8 59 
Reaction conditions: 1a 50 mg fructose, and 500 mg ([EMIM]Cl); 2b 50 mg glucose, and 500 mg 
([EMIM]Cl); 3c 10 wt% glucose, NaBr  10 wt%, and CrCl2, 6 mol%; 
4d 4 wt% cellulose, DMA-LiCl (10%), 
CrCl2, 25 mol%, HCl 6 mol% and ([EMIM]Cl) 60 wt%; 
5e 10 wt% corn stover , CrCl2, 10 mol%, HCl 10 
mol% and ([EMIM]Cl) 60 wt%; 6f CrCl2/CuCl2 was 37 µmol/g [EMIM]Cl, and χCuCl2 = 0.17; 
7g 1.0 g 
glucose, 9.5 mol% CrCl3, 0.16 M NH4Br, and 10 mL DMA; 
8h 1.0 g fructose, 9.5 mol% CrCl3, 0.16 M 
NH4Br, and 10 mL DMA; 
9i 1.0 g sucrose, 9.5 mol% CrCl3, 0.157g  NH4Br, and 10 mL DMA. 
 From the above results we can see that dehydration of fructose into HMF is easy 
and efficient, but fructose is not abundant in nature, and it is very expensive. There is 
strong need for catalytic systems which can convert an abundant glucose, and 
lignocellulosic biomass into HMF. Aluminum-based catalysts seem to be promising in 
this field, and their performance is comparable to that of copper-chromium catalysts. 
Lanthanide halides displayed a very good HMF yield from D-fructose; in spite of this 
lanthanide halides are not very useful, because they were not efficient to convert glucose 
to HMF. There is still need for the development of an efficient catalytic system, which 
can enable HMF production from cheap inedible cellulosic and lignocellulosic biomass.   
20 
 
1.2.2.2. Synthesis of HMF using mineral acid catalyst 
The production of 5-hydroxymethylfurfural (HMF) using an acid catalyst has 
been widely studied, and the HMF was first synthesized staring from inulin using oxalic 
acid as a catalyst in 1895,
20
 since then several attempts have been made to synthesize 
HMF in various mineral acids. For example, the use of N,N-dimethylacetamide (DMA) 
containing halide salts as solvent has been reported to enable efficient production of 
HMF in a single step from fructose and glucose using H2SO4.
20
 For instance, high 
conversion (92%) of fructose into HMF was achieved using 6 mol% H2SO4 in DMA 
containing 10 wt% LiBr or KI at 100 °C for 4-5 h. HMF formation showed first-order 
dependence on halide ion concentration, and Br
-
 and I
-
 which are better nucleophiles and 
leaving groups than Cl
-
, were more effective as ionic additives. 
Table 1.3. Conversion of carbohydrates to HMF using organic and mineral acid catalysts 
Entry Sub. Catalyst Solvent T  
( °C) 
t Yield 
(%) 
ref 
1 Fructose H2SO4 DMA 100 4-5h 92 20 
2 Fructose HCl (BMIM)Cl 80 8min 97 71 
3 Fructose HNO3 (BMIM)Cl 80 5min 93 71 
4 Fructose H2SO4 (BMIM)Cl 80 3min 91 71 
5 Fructose CH3COOH (BMIM)Cl 80 12h 78 71 
6 Fructose Maleic acid (BMIM)Cl 80 50min 88 71 
7 Fructose H3PO4 (BMIM)Cl 80 12h 67 71 
8 Fructose HCOOH H2O 200 20min 58 80 
9 Fructose CH3COOH H2O 200 10min 58 80 
10 Fructose HCl 5:5 (H2O–DMSO) / 
7:3(2-butanol–MIBK) 
170 4min 85 44 
11 Glucose HCl 4:6 (H2O–DMSO) / 
7:3(2-butanol–MIBK) 
170 10min 22.8 44 
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12 Sucrose HCl 4:6 (H2O–DMSO) / 
7:3(2-butanol–MIBK) 
170 5min 50 44 
12 Inulin HCl 3:7 (H2O–
DMSO)/DCM 
140 2.5h 70 44 
14 Inulin HCl 5:5 (H2O–DMSO) / 
7:3(2-butanol–MIBK) 
170 5min 76 44 
 
The conversion of fructose to HMF using various mineral acids, and organic acids 
was studied by Zhang and coworkers at 80 °C using 1-butyl-3-methylimidazolium 
chloride (BMIM)Cl as solvent with different concentration of catalysts.
71 
The result 
shows that strong acids give very good yields of HMF compared to weak acids. For 
example, 97% HMF was obtained using 9 mol% HCl in 8 min. Similarly, HNO3 and 
H2SO4 also gave 93% and 91% HMF yield in less than 5 min.  Whereas 12 mol% H3PO4 
took 720 min to give 67% of HMF.
71 
This result shows that the reaction was slow in 
weak acids, suggesting that the nature of the acid play important role in HMF synthesis. 
Organic acids were also effective in converting fructose to HMF. For example, 7.6 mol% 
acetic acid gave HMF yield of 78% in 12 h, and maleic acid gave 88% HMF in 50 min. 
Further increasing the concentration of fructose to 67 wt% in HCl gave 51% HMF yield, 
which gives opportunity to use less solvent. Lu and coworkers have studied the effect of 
different organic acids on the decomposition kinetics of fructose,
80
 and found that 
addition of organic acids enhances the reaction rate. For example, acetic acid gave 58% 
HMF at 200 °C in 20 min and similar HMF yield was obtained using formic acid in only 
10 min. Further, the formic acid promoted the conversion of HMF to levulinic acid.
80 
In recent years Dumesic and coworkers have demonstrated the conversion of 
various sugar molecules to HMF with various mineral acids using biphasic systems 
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containing water-DMSO and MIBK-2-butanol.
44
 Using HCl at 170 °C, 41% HMF 
selectivity was achieved in 42 min for 47% glucose conversion; H2SO4 gave 34% HMF 
selectivity in 1 h, and H3PO4 showed highest HMF selectivity of about 48%. But this 
high selectivity was achieved by using almost twenty times more acid compared to HCl. 
The experiment at 170 °C using fructose gave HMF selectivity of 89% for 95% fructose 
conversion, and 53% selectivity when glucose was used, but the conversion was only 
43%. Furthermore, using sucrose, HMF selectivity of 77% was obtained and use of 
cellobiose resulted in 52% selectivity for HMF. Under the similar conditions, starch gave 
43% selectivity for HMF. The reaction of inulin with HCl using (H2O–DMSO)/(2-
butanol–MIBK) as a solvent  gave 77% HMF selectivity for 98% conversion in  5 min. 
The use of DCM and DMSO improved the extracting capability giving higher selectivity 
for HMF. Clearly, using acid catalyst a very high HMF yield (97%) was obtained from 
fructose. But considering the fact that this method uses toxic acids and harsh conditions 
to covert carbohydrates to HMF, it cannot be employed in large scale. There is still strong 
need to replace these conventional aqueous mineral acids by non-toxic catalysts.  
From the above discussion we can see that considerable amount of work has been 
done to convert carbohydrates into HMF. Cooper-chromium catalysts, transition metals, 
lanthanide metals, and mineral acid catalysts are some of the most studied catalysts. But, 
many of these catalytic systems are only efficient to convert expensive and less abundant 
fructose into HMF, and are not effective to convert glucose, cellulose and lignocelulosic 
biomass into HMF. Hence large scale production of HMF is not economical, and also 
these catalysts are toxic and mostly employ harsh conditions. Therefore, there is strong 
incentive for the development of an efficient and non-toxic catalyst for the production of 
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HMF from the cheap glucose and cellulosic biomass. Aluminum catalysts are seems to be 
promising in this field, but much more work has to be done before using them in industry. 
1.2.3. Conversion of furfural to furfuryl alcohol and 2-methylfuran  
Furfuryl alcohol (FFA) and 2-methylfuran (MF) are the two important chemical 
compounds obtained from the hydrogenation and hydrogenolysis of furfural (Figure 1.8). 
As discussed before, FFA in an important chemical in the polymer industry, and MF has 
been widely used in pesticides and perfume industries.
24-27 
Their huge application in 
various industries has made hydrogenation of furfural an important process. 
 
 
 
Figure 1.8. Conversion of FFR to FFA and MF 
Furfuryl alcohol is prepared industrially by the catalytic reduction of furfural 
using Ni and Cu/CrO catalysts.
82 
Depending on the catalyst used, hydrogenation of 
furfural yields not only the desired products but also a variety of by-products including 
furan, tetrahydrofuran (THF), tetrahydrofurfuryl alcohol (THFA), and even ring-opening 
products, such as 2-pentanols, pentanediols and various other products (Figure 1.9).
83
 The 
hydrogenation of Furfural (FFR) can be performed either by liquid phase hydrogenation 
or by vapor phase hydrogenation.
24,84
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Figure 1.9. Products obtained from vapor phase hydrogenation of FFR 
1.2.3.1. Vapor phase hydrogenation of furfural (FFR) 
Most of the time, vapor phase hydrogenation is preferred as it can be carried out 
at atmospheric pressure. Copper-based catalysts are generally used for the 
hydrogenation and hydrogenolysis of furfural (FFR) into FFA and MF. Copper-based 
catalysts, such as copper-alumina, copper chromite have better selectivity for C=O bond 
hydrogenation than C=C bond hydrogenation of the ring.
94
 For example, Hixon and 
coworkers studied the vapor phase hydrogenation of furfural over twenty-three catalysts 
including copper chromite on silica gel, copper acetate on alumina, copper chromite on 
activated lump charcoal, copper-manganese oxides on charcoal, and copper-cerium 
oxides on charcoal at temperatures between 200-230 °C, using 1 atm hydrogen 
25 
 
pressure.
83a 
Among all the catalysts, copper-chromite dispersed on activated charcoal 
showed an excellent activity giving 90-95% MF yield (Table 1.4, entry 1). However, 
due to high toxicity of chromium, this catalyst cannot be used in large scale. Liu and 
coworkers have reported FFR hydrogenation using CuLa-MOR, and CuLa-β as a 
catalyst at 453K, and obtained 37.3% and 81.5% MF selectivity, but the conversion rates 
were below 10% (Table 1.4, entries 15-16).
86
  
Table 1.4. Vapor phase hydrogenation of FFR and FFA. 
Entry Substrate Catalyst T 
( °C) 
Yield (%) 
MF       FFA 
Conv-
ersion 
(%) 
Selectivity 
(%)  
ref. 
MF FFA 
1 FFR copper 
chromite/C 
200 90-95  100   83
a
 
2 FFR C1:Cu/Zn/Al/
Ca/Na 
250  87 5 99.7  5 83
b
 
3 FFR C2:Cu/Cr/Ni/
Zn/Fe 
200  67 3 99.6  3 83
b
 
4 FFA C1:Cu/Zn/Al/
Ca/Na 
250 92.7 - 98.1   83
b
 
5 FFA C2:Cu/Cr/Ni/
Zn/Fe 
200  70.9 - 96.6   83
b
 
6 FFR C1:Cu/Zn/Al/
Ca/Na 
200 66.1 20 99.4   83
b
 
7 FFR Ni-Fe/SiO2 250 39.1 9.5 96.3   32 
8 FFR Pt/TiO2/SiO2 150 0 64 68.3  93.9 23 
9 FFR Pt/TiO2/γ-
Al2O3 
150 0 1.9 2.8  67.9 23 
10 FFR Pt/TiO2/MgO 150 0 22 23  98 23 
11 FFR Pt/alumina 150 - ~2 - - - 23 
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12 FFR Pt/titania 150 - ~33 - - - 23 
13 FFR Pt/magnesia 150 - ~5 - - - 23 
14 FFR CuLa/MCM-
41 
140   98.2 - >99 l 
15 FFR CuLa/MCM-
41 
180   98.6 - >99 l 
16 FFR CuLa-MOR 180   2.0 37.
7 
62.3 l 
17 FFR CuLa-β 180   9.5 81.
5 
18.5 l 
Reaction conditions: 1 100 g FFR, 1:3 chromite to charcoal; 2,3 furfural = 25 (molar ratio); 4,5  furfuryl 
alcohol = 25 (molar ratio); 6, furfural = 25 (molar ratio); 7pressure=1 atm, 5 wt.%Ni/SiO2 and 5 wt.%Ni–2 
wt.%Fe/SiO2, and H2/feed ratio = 25; 
8-13 2% Pt/TiO2 monolayer/metal oxide system, p = 1 atm, HLSV = 2 
g/gcat h, hydrogen/furfural = 2 mol/mol. 
Vannice and coworkers have shown that hydrogenation of furfural to furfuryl 
alcohol can be achieved over carbon supported copper catalysts at 300 °C. Furfural 
hydrogenation over three carbon-supported Cu catalysts mainly, Cu-activated carbon 
(4.8%), Cu-diamond (5.1%), and Cu-graphitic fiber (5.1%) was studied. Cu-activated 
carbon gave 70% selectivity for FFA and 36% conversion of FFR, and all three catalysts 
showed similar activity.
22 
The author has reported that the only product observed 
between 200
 
°C to
 
300 °C was FFA or MF, but significant deactivation of the catalyst 
has been reported at higher temperature and the conversion rate is also very low. Li and 
coworkers studied the furfural hydrogenation in a fixed-bed reactor over a commercial 
catalyst C1 (C1:Cu/Zn/Al/Ca/Na = 59:33:6:1:1, atomic ratio) and C2 (C2:Cu/Cr/Ni/Zn/Fe 
= 43:45:8:3:1, atomic ratio) containing copper and other metals.
83
 The catalyst C1 and C2 
both were active towards hydrogenation of furfural giving almost complete conversion 
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of FFR with a high yield of MF at temperature between 200-300 °C.
83
 With C1 catalyst, 
the maximum selectivity of 87% for MF was obtained at 250 °C, whereas C2 showed 
67% selectivity at 200 °C, and selectivity decreased significantly with an increase in 
temperature above 220 °C. Hydrogenation of FFA using C1 catalyst gave high 
conversion (>98%) and very high selectivity for MF (92.7%) at 250 °C, while C2 
catalyst gave around 70.9% MF yield at 200 °C (Table 1.4, entries 2-5). Both the 
catalyst produced small amount of furan during the reaction, the amount of furan formed 
from the C1 catalyst was less (>0.3%) compared to C2 (~22%) catalyst, which may be 
due to the presence of Ni in C2 catalyst. Clearly, several copper-based catalysts have 
been reported for conversion of FFR and FFA to MF. However, most of these catalysts 
have been reported to deactivate rapidly at higher temperature.
94, 95
 
Catalysts based on Pt, Ni, and Fe metals have also been reported for 
hydrogenation of FFR. For example, work by Resasco shows that selective conversion 
of FFR to MF can be achieved over 5 wt% Ni, 2 wt.% Fe/SiO2 bimetallic catalysts.
32
 
FFA and furan were the main products obtained over monometallic Ni catalysts, 
whereas over Fe-Ni bimetallic catalysts, MF was the major product. The observed 
difference is due to addition of Fe, which suppresses the decarbonylation activity of Ni, 
and in turn promotes C=O hydrogenation and C-O bond hydrogenolysis as shown is 
Scheme 1.1. Temperature dependence studies show that FFA and MF were the main 
products at 210 °C, and increasing the temperature to 250 °C increased the conversion 
rate to 96% in 10 min, giving 39% MF yield and 10% FFA yield along with the 
formation of furan and pentanol. Even though Ni-based catalysts has been proved to be 
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hydrogenation catalysts, they are not well suited for selectively hydrogenating FFR to 
FFA, as they lead to tetrahydrofurfuryl alcohol, furan  and other side products.
27,29  
 
 
Scheme 1.1. Possible species on the surface during conversion of furfural
32
 
 Clearly, only few catalysts have been reported to be selective for hydrogenation 
and hydrogeolysis of FFR and/or FFA to MF, and most of the reported catalysts are toxic 
and not stable at higher temperature. There is strong need for the development of an 
efficient catalytic system for conversion of FFR to MF. 
Platinum has been known as a furfural (FFR) hydrogenation catalyst since 1923 
when Kaufman and Adams obtained furfuryl alcohol by liquid phase hydrogenation of 
furfural using platinum oxide catalyst.
23
 In 2002, Mikolajska reported the activity of 
platinum catalysts supported on monolayer transition metal oxides at a temperature 
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between 150 °C to 300 °C under atmospheric pressure.
23
 The platinum catalysts 
supported (supports are SiO2, γAl2O3, MgO, TiO2) over transition metal oxides (TiO2, 
V2O5, ZrO2) showed some activity for the selective hydrogenation of FFR to FFA.  The 
author has reported that the Pt/TiO2/SiO2 system was best among the other catalyst used 
(Pt/TiO2/γ-Al2O3; Pt/TiO2/MgO), giving 68% conversion of FFR and 94% selectivity for 
furfuryl alcohol (FFA) at 150 °C. At the same temperature Pt/TiO2/γ-Al2O3 showed the 
least activity, giving 2.8% conversion of FFR and 68% selectivity for FFA, such a low 
reactivity may be due to the presence of very acidic sites on γ-Al2O3 surface. The 
catalyst Pt/TiO2/MgO gave 22.9% conversion of FFR and 98% FFA selectivity. At high 
temperature MF and furan were also observed. These conversion rates were high 
compared to hydrogenation of furfural using simple Pt/metal oxide systems. For 
example, the hydrogenation of furfural (FFR) at 150 °C/1 atm using Pt/alumina gave 
less than 2% FFA; Pt/magnesia gave around ~5% FFA, and Pt/titania gave ~33% FFA 
yield (Table 1.4, entry 8-13).
23 
The hydrogenation of furfural using platinum oxide as a 
catalyst leads to many side reactions such as hydrogenolysis of C-O bond, 
decarbonylation, hydrogenation of the furan ring, and some ring opening products
85 
which led to the poor selectivity for desired product.  
The vapor phase hydrogenation of FFR, using C1 (C1:Cu/Zn/Al/Ca/Na = 
59:33:6:1:1, atomic ratio) as a catalyst at 200 °C gave 19.6 % FFA yield for almost 
complete conversion of FFR along with 66.1% of MF yield. (Table 1.4, entry 6).
83a
 The 
hydrogenation of FFR over CuLa/MCM-41 catalyst showed high selectivity (>99%) for 
FFA with a conversion rate of 98% at both 140 °C and 180 °C.
86 
Unlike Pt or Ni-based 
catalyst which shows ring hydrogenation or ring opening products, the Cu-based catalyst 
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was highly selective for FFA, which may be because Cu has moderate reducing capacity 
which limits the ring hydrogenation. However, after 8 h the activity of the catalyst was 
reduced to 32%.  
Only a few catalysts have been reported to be selective for hydrogenation of FFR 
to FFA or for hydrogenolysis of FFR or FFA to 2-methylfuran (MF). Among all the 
catalysts Cu-based catalysts such as Raney-Cu, Cu-chromite, Cu/Al2O3 showed good 
activity for FFR hydrogenation and copper chromium catalysts were more active 
towards MF formation.
94 
Copper-chromite catalysts are most often employed in 
industry. As mentioned before, new environmental regulations now restrict disposal of 
deactivated copper chromite catalysts in landfill sites because of high toxicity of Cr. 
Also, under high temperature these catalysts were reported to deactivate rapidly due to 
thermal polymerization, and coking of FFA on the surface of a catalysts.
95
 Hence there 
is strong incentive for the development of new Cr-free catalysts that exhibit high 
selectivity for FFA and MF formation.   
1.2.3.2. Liquid phase hydrogenation of Furfural (FFR) 
In order to improve the activity and selectivity for furfuryl alcohol (FFA), 
hydrogenation of FFR was performed in liquid phase using catalysts based on Pt, Ni, 
Co, Ru, and Pd with second metal or a promoter. Casella and coworkers studied the 
liquid phase hydrogenation of FFR in various solvents using bimetallic PtSn catalyst.
85 
The hydrogenation of FFR in 2-propanol gave a good selectivity for FFA compared to 
other solvents such as ethanol, toluene and n-heptane. After 8 h, 36% conversion of FFR 
and 98% selectivity for FFA was observed. The reaction rates were high with PtSn 
bimetallic catalyst compared to Pt/SiO2 catalyst. The observed activity was due to 
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modification of the electronic nature of the active site on the catalyst, and the attack of 
hydrogen on the carbonyl group was promoted by the Lewis acidic sites on Sn. 
However, the activity of catalyst started decreasing after each cycle. And after three 
reaction cycles, the catalyst suffers from serious deactivation due to the adsorption of 
furfural or by other products on the active metal site.
85
 Use of ethanol as a solvent gave 
rise to some ether, whereas the reaction was slow using nonpolar solvents such as 
toluene and n-heptane. These authors also performed the hydrogenation of furfural using 
monometallic Pt, Rh, and Ni as well as bimetallic system containing these metals with 
different ratio of Sn.
87
 The monometallic Pt and Ni showed less activity compared to 
their bimetallic system containing Sn, which was mainly due to formation of new active 
sites by the interaction of SnBu4 and the transition metal. With the 0.2 atomic ratio of 
Sn/Pt, 100% conversion of FFR was observed giving 96% selectivity for FFA in 8 h, 
whereas increasing the atomic ratio of Sn/Pt from 0.2 to 0.8 decreased the conversion 
rate from 100% to 71%, but the selectivity for FFA was still high (98%). The Sn/Ni with 
atomic ratio of 0.2 gave a conversion of up to 43% and the selectivity for FFA was 78%. 
Further Sn/Rh with 0.2 atomic ratio reduced the conversion rate to 14%, but gave high 
selectivity of about 96% for FFA. These results show that among the all the catalysts 
studied, the Sn/Pt system showed higher FFR conversion and higher selectivity for 
FFA.
87
 However, due to the toxicity of tin compounds, tin-based catalytic system may 
not be very useful.  
Chen and coworkers have reported the hydrogenation of FFR using molybdenum. 
The hydrogenation of FFR in ethanol, using Mo-doped Co-B amorphous catalyst (Co-
Mo-B) at 100 °C showed excellent activity giving complete conversion of FFR, and 
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100% selectivity to FFA in reaction time of 3 h.
30
 But Co-Mo-B amorphous catalyst was 
thermally unstable at higher temperature. Li and coworkers performed the liquid phase 
hydrogenation of FFR over Ni-Fe-B amorphous alloy catalyst, and achieved 100% FFA 
yield in 4 h. The author report that the high activity was mainly due to activation of C=O 
bond by both the electron-deficient Fe and the Fe
3+
.
29 
But the catalyst was 
thermodynamically metastable, and started decomposing at high temperature.  
Table 1.5. Liquid phase hydrogenation of FFR 
Entry Sub. Catalyst Solvent T 
(°C) 
T 
(h) 
Conv. 
(%) 
Selectivity 
(%) 
ref 
MF FFA  
1 FFR NiSn0.2 iPrOH 100 8 43 - 78 87 
2 FFR PtSn0.2 iPrOH 100 8 100 - 96 87 
3 FFR RhSn0.2 iPrOH 100 8 14 - 96 87 
4 FFR Co-Mo-B EtOH 100 3 100 - 100 30 
5 FFR Ni-Fe-B EtOH 100 4 100  100 29 
6 FFR RNi/ 
Cu1.5PMo12 
EtOH 80 1 98.1 - 98.5 84 
7 FFR RNi/ 
Zn1.5PMo12 
EtOH 80 1 94.6 - 97.8 84 
8 FFR RNi/ 
Co1.5PMo12 
EtOH 80 1 94.4 - 95.6 84 
9 FFR RNi EtOH 80 1 24.5  75 84 
10 FFR [RuCl2(p-
cymene)]2 
iPrOH/
KOH 
60 24 94.15  90.1
0 
88 
11 FFR Ru-2-imidaz-
olinium-A 
iPrOH/
KOH 
60 24 99.61  99.4
0 
88 
12 FFR RuCl2(PPh3)3 Ethyl 
acetate 
70 3 93.1  93.1 89 
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13 FFR Ru(TMHD)3 THF 80 5 100  86 90 
Reaction conditions: 1-3 2 mL furfural, H2 pressure of 1 MPa, 0.25 g catalyst; 50 mL 2-propanol; 
410 mL 
FFR, 90 mL EtOH, 2.0 g catalyst; : 510 ml FFR, 30 ml EtOH, 1.0 g catalyst; 6-9 PH2 =2.0 MPa, furfural 10 
mL, ethanol 10 mL, cat.= 0.5 g; 10 5 mmol furfural, 0.1 mmol [RuCl2(pcymene)]2, 0.2 mmol KOtBu, 0.1 
mmol KOH, 5 mL THF, 3 mL i-PrOH; 11 5 mmol furfural, 0.1 mmol [RuCl2(pcymene)]2, 0.2 mmol 2-
imidazolinium, 0.2 mmol KOtBu, 0.1 mmol KOH, 5 mL THF, 3 mL i-PrOH; 12 catalyst = 60 mg, 
substrate/catalyst = 32 mol mol–1, P= 2.3 MPa, , 20 mL ethyl acetate; 13 FFR =5 mmol, Ru(TMHD)3 = 1 
mol %, THF 20 mL, 400 psi H2. 
Hydrogenation of FFR in ethanol over Raney nickel catalysts modified with salts 
of different heteropolyacids (HPAs) (CuPMo, ZnPMo, FeMo) showed good activity at 
80 °C in 1 h.
84
 Over unmodified Raney nickel, the FFR conversion was only 24.5% 
giving 75% selectivity for FFA and 25% selectivity for tetrahydrofurfuryl alcohol 
(THFA). The conversion of FFR and the selectivity for FFA increased to 98.1% and 
98.5%, respectively, as the concentration of Cu1.5PMo12 was increased.
 
The 
hydrogenation results of FFR using different heteropolyacids are shown in Table 1.5 
(entries 6-9).
84
 Clearly, this study shows that selectivity and the catalytic activity were 
improved with Raney nickel catalysts modified with salts of HPAs.  
All the above catalytic systems discussed are heterogeneous in nature. Studies 
have also been done for furfural hydrogenation using homogeneous catalysts, and results 
shows that ruthenium catalysts are well behaved in this field. Transfer hydrogenation of 
FFR to FFA was achieved using ruthenium carbene complexes in isopropanol, which 
acted as a source of hydrogen. For example, the reaction of furfural in isopropanol using 
ruthenium-carbene complexes (containing imidazolinum ligand precursors) at 60 °C in 
24 h gave >99% of FFA.
88
 The KOH was added as a promoter to activate the catalyst, 
and there was no reaction in the absence of KOH.  Under the similar conditions, 
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ruthenium metal precursor [RuCl2(p-cymene)]2 gave 94% conversion of FFR for 84.6% 
FFA yield. Even though ruthenium carbene systems are giving very good yield of FFA, 
the reaction time is much longer, and ligand dissociation is common in such systems, 
which may reduce the activity of the catalyst.  
Li and coworkers studied furfural hydrogenation using RuCl2(PPh3)3 as catalyst.
89
 
FFR to FFA conversion was highly selective giving 93.1% conversion at 70 °C using 3 
MPa H2 in 3 h, an increase in temperature had less effect on conversion rate (Table 1.5, 
entry 12). Reducing the pressure to 1.3 MPa decreased the conversion rate to 81.8%, and 
in presence of acetic acid the FFR conversion rate was promoted giving 88% conversion 
in 30 min, whereas it gave only 60.5% conversion in the absence of acetic acid. This 
was mainly attributed to the formation of [Ru(O2CCH3)2(PPh3)3]·2CH3CO2H 
intermediate, which is also an efficient hydrogenation catalyst. However, the catalyst 
loading is high (substrate: catalyst = 32:1), and also no information on catalyst 
recyclability is available.  Similar activity has been observed using homogeneous 
Ru(TMHD)3 (TMHD: 2,2,6,6-tetramethyl-3,5-heptanedione) catalyst which showed 
around 86% FFA yield in 5 h at 80 °C using THF as a solvent at 400 psi H2 (g).
90  
The 
above
 
results suggests that ruthenium homogeneous catalysts are promising 
hydrogenation catalysts. 
 In summary, even though carbon-supported copper (Cu/C) catalysts and several 
amorphous alloy catalysts, such as Ni-Cu or Fe-Cu alloy catalysts, has been developed 
as possible replacements for Cu-Cr catalysts, most are unsuitable for industrial 
application due to severe deactivation phenomena. Given the heterogeneous nature of 
these catalysts, the potential for achieving improvements in selectivity for the desired 
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products by concentrating on the composition of catalysts and the operating conditions 
for furfural hydrogenation appears somewhat limited.  In spite of the extensive studies, 
very few catalysts systems that are even modestly efficient at cleaving C-O bonds have 
been discovered. In addition, experimental data on the reaction pathway(s) of vapor 
phase hydrogenation of furfural is scarce. Furthermore, the majority of the reported 
catalyst systems are heterogeneous in nature, hence they are not readily amendable to 
study or modification. Thus, there is a continuing need for the development of 
homogeneous C-O bond hydrogenolysis catalysts for furfural hydrogenation that display 
high activity and product selectivity. Besides in many instances, the use of soluble 
catalysts is to be preferred over heterogeneous catalysts for studies of the reaction 
mechanism(s) and the origin of by-products. 
1.2.4. Conversion of 5-hydroxymethylfurfural into to 2,5-dimethylfuran 
2,5-dimethylfuran (2,5-DMF), formed by a hydrogenation of 5-
hydroxymethylfurfural (HMF, Figure 1.10), can serve has a potential biofuel due to its 
higher boiling point, high energy density, and water immiscibility compared to the 
current biofuel ethanol.
19,20 
Thus, the development of efficient catalytic systems for the 
conversion of HMF to 2,5-DMF is being intensely investigated. The hydrogenation of 
HMF to 2,5-DMF can proceed via two possible potential intermediates such as 5-
methylfurfural and 2,5-dihydroxymethylfuran (Scheme 1.2). 
 
Figure 1.10. Conversion of HMF to 2,5-DMF 
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Dumesic and coworkers have studied the hydrogenolysis of HMF into 2,5-DMF 
using copper-containing catalysts.
19
 However, copper hydrogenolysis catalysts can be 
deactivated by even trace levels of chloride ions (introduced from HCl used for 
dehydration of fructose and not completely removed during the evaporation step), making 
purification steps to remove chloride ions from crude HMF product streams essential. For 
example, hydrogenolysis of pure HMF in 1-butanol using CuCrO4 catalyst at 220 °C was 
reported to produce 2,5-DMF in 61% yield and 2-methyl-5-hydroxymethylfuran in 29% 
yield while use of a purified HMF product stream containing trace levels of HCl and 
NaCl resulted in only 6% yield of 2,5-DMF.
19
 The search for efficient alternatives to 
CuCrO4 led to the development of carbon-supported copper-ruthenium (Cu-Ru/C) 
catalysts, such as 3:1 Cu-Ru/C.
19
 While hydrogenolysis of pure HMF in 1-butanol at 220 
°C using 3:1 Cu-Ru/C catalyst gave yields of 71% 2,5-DMF, 4% 2-methylfuran, and 12% 
intermediates in 10 h. Hydrogenolysis of a HMF product stream containing trace levels of 
chloride with the same catalyst under identical conditions produced 61% 2,5-DMF, 4% 2-
methylfuran, and 20% intermediates.
19
 Under the identical conditions, Raines and 
coworkers studied the hydrogenation of crude HMF obtained from corn stover in 1-
butanol using Cu-Ru/C as a catalyst, and obtained 49% yield of 2,5-DMF.
20  
Thus, the 
ruthenium-containing catalyst was markedly more resistant to deactivation than CuCrO4 
although the presence of chloride species affected the performance of Cu-Ru/C to some 
extent.  
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Scheme 1.2. Potential hydrogenation pathway for 2,5-DMF formation from HMF 
Some effort has also gone into exploring the potential of supported palladium 
catalysts for the hydrogenolysis of HMF to 2,5-DMF; at 60 °C in 2.5 h under 1 atm H2, 
10% Pd/C in 1-propanol yielded 35.7% of 2,5-DMF for 100% HMF conversion, while 
the same catalyst in 1,4-dioxane produced 2,5-dihydroxymethylfuran (2,5-DHMF) in 88. 
8% yield and 2,5-DMF in 5.4% yield for 90% HMF conversion.
91 
Table 1.6. Conversion of HMF to 2,5-DMF using various catalysts.  
Entry Sub. Catalyst Solvent T  
( °C) 
t 
(h) 
Conv. 
(%) 
Select-
ivity 
(%) 
Yield 
(%) 
ref 
1 HMF CuCrO4 1-butanol 220 4-5 - - 61 62 
2 HMF Cu-Ru/C 1-butanol 220 10 - - 71 62 
3 Crude 
HMF 
Cu-Ru/C 1-butanol 220 10   49 20
b
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4 HMF Pd/C 1-propanol 60 2.5 100  35.7 91 
5 HMF Pd/C 1,4-dioxane 60 2.5 90  5.4 91 
6 HMF Pd/C [EMIM]Cl 120 1 19 13 - 92 
7 HMF Pt/C [EMIM]Cl 120 1 11 2  92 
8 HMF Ru/C [EMIM]Cl 120 1 23 0  92 
9 HMF Rh/C [EMIM]Cl 120 1 16 6  92 
10 HMF Pd/C [EMIM]Cl/
MeCN 
120 1 47 32 - 92 
11 Fructo
se 
Pd/C THF/Formic 
acid 
70 15   95 93 
Reaction conditions: 2 5 wt% HMF, 6.8 bar H2 pressure, 3:1 (atomic ratio) Cu:Ru/C; 
3 1-butanol (45 g), Cu-
Ru/carbon catalyst (79 mg), 6.8 bar of H2(g) ; 
6-9 EMIMCl (20 mmol, 3.0 g), HMF (1 mmol, 126 mg), 
catalyst (0.02 mmol, metal content), H2 pressure (62 bar); 
10 EMIMCl (20 mmol, 3.0 g), acetonitrile (25 
mmol, 1.18 g), HMF (1 mmol, 126 mg), catalyst (0.02 mmol, metal content), H2 pressure (62 bar); 
11 
fructose (3.6 g, 20 mmol), formic acid (10 mL, 265 mmol), THF (20 mL), H2SO4 (0.138 mL, 2.6 mmol), 
Pd/C (4 g). 
Bell and Chidambaram investigated the hydrogenation of HMF in [EMIM]Cl, 
with carbon-supported  Pd, Pt, Ru, and Rh as catalyst, using acetonitrile as co-solvent at 
120 °C for 60 min under 68 bar hydrogen pressure.
92
 The Pt/C system gave 11% 
conversion of HMF and 2% selectivity for 2-5-DMF. Ru/C showed 23% conversion, and 
Rh/C gave 16% conversion, with 6% selectivity for 2,5-DMF. Compared to these 
catalysts, Pd/C showed high selectivity for 2,5-DMF (13%) for 19% conversion (Table 
1.6, entries 6-9). Using acetonitrile as co-solvent, with Pd/C catalysts, the conversion rate 
increased from 19% to 47% with 32% selectivity for 2,5-DMF. The author have reported 
that the lower yield of 2,5-DMF was mainly due to low temperature, short reaction time, 
and low solubility of dihydrogen in [EMIM]Cl. The hydrogenation using different 
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sources of HMF such as, neat HMF, extracted HMF, had very little effect on the 
conversion rate of HMF.  
Thananatthanachon and Rauchfuss developed a one-pot process to convert 
fructose to 2,5-DMF over Pd/C using formic acid.
93
 The dehydration of fructose to HMF 
was achieved using formic acid as a catalyst. Then heating a solution of HMF in 
refluxing THF containing formic acid, H2SO4, and Pd/C gave 95% 2,5-DMF yield in 15 
h. In this reaction the HMF is believed to be converted first into bis(hydroxymethyl)-
furan (BHMF) using formic acid in the presence of Pd/C, then to BFMF (furan-2,5-
diylbis(methylene)diformate) giving 2,5-DMF (Figure 1.11). The reaction proceeded 
through the formation of 2-hydroxymethyl-5-methylfuran (HMMF) as an intermediate, 
which was observed by NMR. In this reaction, formic acid serves as acid catalyst, 
hydrogen source, and also as a deoxygenating agent.
93
  
 
 
Figure 1.11. Pathway for 2,5-DMF formation from HMF using formic acid and Pd/C
 93
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As the preceding discussion demonstrates (section 1.2.3 and 1.2.4), heterogeneous 
copper containing species are most often used as precatalysts for hydrogenation of 
furfural (FFR) to furfuryl alcohol (FFA), as well as hydrogenolysis of FFR and 5-
hydroxymethylfurfural (HMF) to 2-methylfuran (MF) and 2,5-dimethylfuran (2,5-
DMF), respectively. However, mechanistic understanding of the catalytic reactions is 
inadequate. Hence there is an essential need for the development of soluble catalysts for 
hydrogenation and hydrogenolysis of furan derivatives which act by well understood 
mechanism(s) and display high activity and product selectivity, as well as high tolerance 
to deactivation by impurities, such as halide ions. 
1.2.5. Homogeneous ruthenium catalysts in ionic hydrogenation and hydrogenolysis 
of C=O bonds 
Only few homogeneous catalysts that are efficient for C-O bond hydrogenation 
and hydrogenolysis have been reported; namely, the patented [(P-P)Pd(OAc)2] and 
[Rh(CO)2(acac)]/H2WO4 systems
96,97
 and ruthenium-based systems ({[Cp*Ru(CO)2]2(μ-
H)}+OTf-) (1, Cp* = C5Me5 and OTf = CF3SO3-) and [Ru(6,6’-Cl2bpy)2(H2O)2](OTf)2 (2, 
6,6’-Cl2bpy = 6.6’-dichloro-2,2’-bipyridine) (Figure 1.12).
33-36,98 
The catalyst, 
({[Cp*Ru(CO)2]2(μ-H)}
+
OTf
-
) (1) has been reported to be an efficient catalyst for the 
deoxygenation of 1,2-propanediol under acidic conditions to yield n-propanol.
34,35
 For 
instance, deoxygenation of 1,2-propanediol using 0.5 mol% 1 and 3 mol% HOTf in 
sulfolane at 110  °C/750 psi H2(g) produced n-propanol in 54% yield after 30 h for 92% 
conversion of 1,2- propanediol (Figure 1.13).
35
 
The initial step in the proposed mechanism is dehydration of the diol to give an 
aldehyde, which then undergoes ionic hydrogenation to give the alcohol product  
41 
 
                 
 
 
Figure 1.12. Homogeneous C-O bond cleavage catalysts 
(Scheme 1.3); that aldehydes and ketones are hydrogenated using catalyst 1 under H2 
atmosphere was reported and have been independently demonstrated.
34,35
 Two 
equivalents of the η
2
- dihydrogen complex [Ru(Cp*)(CO)2(η
2
-H2)]OTf are formed from 
1 under H2 atmosphere in the presence of triflic acid (HOTf).
35
 While 
[Ru(Cp*)(CO)2(η
2
-H2)]OTf could not be observed under the catalytic conditions, it 
could be generated independently at 220 K by protonating the corresponding hydride 
[Ru(Cp*)(CO)2H]  
 
Figure 1.13. Hydrogenolysis of 1,2-propanediol using ({[Cp*Ru(CO)2]2(μ-H)}+OTf-) (1) 
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with HBF4 in CH2Cl2 and it was shown to be readily deprotonated by Et2O.
99
 Thus, the 
dihydrogen complex [Ru(Cp*)(CO)2(η
2
- H2)]OTf is sufficiently acidic to protonate the 
substrate (i.e. 1,2-propanediol or propionaldehyde). Moreover, the neutral hydride 
[Ru(Cp*)(CO)2H] has been shown to be a very efficient hydride transfer reagent.
100
 
Taken together, these observations strongly support the proposed ionic hydrogenation 
mechanism (Scheme 1.3), in which the substrate never binds to the metal center, as the 
product forming step for the catalyst. This catalyst is however deactivated by water, the 
required by-product of the reaction.
35 
 
Scheme 1.3. Proposed mechanism for catalytic deoxygenation of 1,2-propanediol 
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cis-[Ru(6,6’-Cl2bpy)2(H2O)2](OTf)2 (2, 6,6’-Cl2bpy = 6,6’-dichloro-2,2’-
bipyridine) is a promising catalyst for hydrogenation of carbonyl compounds as well as 
olefins in biphasic aqueous/organic media.
36 
The proposed “semi-ionic” mechanism for 
the hydrogenation of carbonyl functions is shown in Scheme 1.4. The hydride ligand is 
generated by heterolytic activation of H2 gas but the hydride transfer step is proposed to 
occur by coordination of the carbonyl substrate cis to a hydride ligand followed by 
insertion rather than direct hydride transfer. 
 
Scheme 1.4. Proposed semi-ionic mechanism for catalytic hydrogenation 
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Although the order of substrate coordination and H2 activation (i.e., carbonyl 
compound then H2 or vice versa) could not be discerned kinetically, the catalytic cycle is 
closed by protonation and loss of the reduced substrate from the metal. In comparison 
with the ionic mechanism proposed for the catalyst derived from 1, the order of 
proton/hydride transfer is reversed in this semi-ionic mechanism; and substrate 
coordination to the Ru
2+
 center is presumably facilitated by the presence of two readily 
displaced H2O ligands. The combination of cis-[Ru(6,6’-Cl2bpy)2(H2O)2](OTf)2 (2) and 
HOTf has also been reported to catalyze the deoxygenation of diols to primary alcohols 
in a single reactor. For example, deoxygenation of 1,2-propanediol using 0.5 mol% 2 
and 6 mol% HOTf in sulfolane at 125 °C/700 psi H2(g) for 48 h resulted in up to 63% 
yield of n-propanol (Figure 1.14). However, at higher acid concentrations further 
hydrogenation to alkanes becomes the dominant reaction.
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Figure 1.14. Hydrogenolysis of 1,2-propanediol using 2 
1.2.6. Ruthenium metal hydrides in C-O bond hydrogenation chemistry 
Ruthenium hydride has been proposed as active intermediate in the ionic (Scheme 
1.3), and semi-ionic mechanism (Scheme 1.4), for the homogeneous C-O bond 
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hydrogenation and hydrogenolysis reactions. Therefore, it is worth looking at other type 
of chemistry those ruthenium hydrides will perform.  
Ruthenium(II) hydride complexes are active catalysts for the transfer 
hydrogenation of ketones, alcohols, and imines in a solvent such as 2-propanol which can 
serve as a hydrogen donor in the presence of a base. The reaction takes place by 
transferring a hydride bonded to the metal center and a proton bonded to a ligand to a 
C=O bond.
103,104 
In 1986, Sanchez-Delgado and coworkers showed that homogeneous 
hydrogenation of propanaldehyde to n-propanol can be achieved in toluene at 150 °C/30 
atm of H2 in 2 h using RuHCl(CO)(PPh3)3 as a catalyst. The conversion rate of up to 
100% was achieved using  1:1000 catalyst to substrate loading.
108
 Later on, Yamagishi 
and coworkers using the similar complex RuHCl(PPh3)3 was able to catalyze the transfer 
hydrogenation of 1- and 2-acetonaphthone to corresponding alcohols in 2-propanol at 85 
°C using 1/1000/5 catalyst/substrate/KOH, and obtained 96% and 83% alcohol yield in 1 
h.
104 
While hydrogenation of acetophenone, using hydrido ruthenium triphenylphosphine 
complex H2Ru(CO)2(PPh3)2 with 1:88 catalyst/substrate loading at 120 °C/50 atm H2 
gave only 16.5% 1-phenylethanol  in 3 h, however increasing the reaction time to 24 h 
increased the yield up to 69%.
109 
The above results suggests
 
that ruthenium phosphine 
hydrides are active hydride donor for the hydrogenation of aldehydes and ketones.  
 
Shvo’s catalyst, {[Ph4(η
5
-C4CO)]2H}-Ru2(CO)4H (Figure 1.15) has been widely 
used as a hydrogen transfer catalyst for the reduction of aldehydes and ketones.
103 
Shvo’s 
catalyst is a dimeric precatalyst and it forms monomeric oxidizing and reducing forms 
upon dissociation in solution (Figure 1.15).
105 
In transfer hydrogenation, the Shvo hydride 
(Figure 1.15, b) delivers hydrogen to the carbonyl compound during reduction of ketones 
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and aldehydes. Hydrogenation of various ketones to corresponding alcohols was achieved 
using
 
Shvo’s catalyst at 100 °C.  For example, using 0.025 mmol catalyst and formic acid 
as a source of hydrogen, hydrogenation of cyclohexanone gave 100% yield of 
cyclohexanol. Similarly, diethyl ketone gave 92% of 3-pentanol, 2-pentanone gave 98% 
of 2-pentanol, and acetophenone gave 93% of 1-phenylethanol.
106 
Casey and Singer 
  
 
Figure 1.15. Shvo’s Catalyst (a): Reducing complex (b), and oxidizing complex (c) 
proposed a concerted hydrogen transfer mechanism for the reduction of aldehyde using 
Shvo’s catalyst (Scheme 1.5).
110 
The proposed mechanism involves Ru-H and O-H bond 
breaking in the transition state, generating the coordinatively unsaturated dienone 
dicarbonyl intermediate and alcohol. This is similar to the ionic hydrogenation 
mechanism in Scheme 1.3, where the hydride transfer to the substrate occurs without 
substrate binding to the metal center.  
 The transfer hydrogenation of aldehyde using phosphine substituted 
hydroxycyclopentadienyl ruthenium hydride [2,5-Ph2-3,4-Tol2(η
5
-
C4COH)]Ru(CO)(PPh3)H (d) has been studied by Casey and coworkers (Scheme 1.5, 
d).
111
 The presence of a phosphine group on complex d will increase the hydricity of the 
ruthenium hydride and decrease the acidity of the CpOH proton compared to hydride and 
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CpOH proton of complex b (Figure 1.15, b). The results shows that at 22 °C/35 atm of 
H2 pressure, the hydrogenation of benzaldehyde with d was eight time faster than b. The 
author reported that the observed activity was mainly due to the existence of d as a 
monomer compared to b. Also, the phosphine complex [2,5-Ph2-3,4-Tol2(η
5
-
C4COH)]Ru(CO)(PPh3)H (d) exhibited more selectivity towards aldehyde reduction than 
ketones, which is mainly attributed to the steric bulk of the phosphine ligand. These 
results suggest that ruthenium phosphine hydride complexes are active towards 
hydrogenation of aldehydes.  
 
 
Scheme 1.5. Transfer hydrogenation of aldehyde using Shov’s catalysts 
 Metal hydride complexes have also been used as a catalyst for the hydrogenation 
of a C-O bond in carbon dioxide. For example, Lau and coworkers showed that the 
catalytic hydrogenation of CO2 to formic acid can be achieved using ruthenium metal 
48 
 
hydride species TpRu(PPh3)(CH3CN)H, at 100 °C in 3:1 THF/H2O and NEt3 under 50 
atm CO2/H2 (1:1) in 16 h with the turnover number of 760.
107 
All the above 
hydrogenation results using ruthenium hydrides show that they are efficient C=O bond 
hydrogenation catalyst, which support the fact that the ruthenium hydrides has potential 
to effectively hydrogenate the C=O bond in aldehydes and ketones.  
1.2.7. Ruthenium(II) bipyridine complexes in hydrogenation chemistry  
Nitrogen-containing ligands have demonstrated several advantages in 
synthesizing stable transition metal complexes. They have been widely employed in 
catalysis particularly where the use of phosphine containing ligands are incompatible 
with the required reaction conditions.
115
 Moreover many nitrogen containing ligands are 
largely available in pure enantiomeric form, and they are cheap industrial chemical 
intermediates.
115,116
 In this context, the most important nitrogen containing ligands are 
those that involve the pyridine ring. For example, 2,2’-bipyridines (bpys), 1,10-
phenanthrolines (phens), and 2,2’: 6’,2”-terpyridines (tpys). The 2,2’-bipyridine ligand 
has been extensively used as a metal chelating ligand to synthesize various homogeneous 
transition metal-bipyridine complexes.
115-117
 Ru complexes of bipyridines are quite 
attractive because they are chemically, thermally, and photochemically stable, they show 
robust redox stability, ease of functionalization, and often show fluorescence.
117
 In metal 
complexes bipyridine ligand bind to the metal center through both nitrogen atoms, 
therefore even if one of the metal nitrogen bond breaks, the other metal nitrogen bond 
will hold the bipyridine ligand in place, so that broken bond can reform. Ruthenium(II) 
bipyridine complexes are very stable as a result of the d
6
 electron count of the metal and 
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the chelating nature of the bipyridine ligand and the empty pi orbitals on the bipyridine 
ligand can bond with the metal dπ orbitals contributing to the stability of the complex.   
 
 
Figure 1.16. Synthesis of 2,2’-bipyridine 
The 2,2’-bipyridine is synthesized by the dehydration of pyridine using Raney 
nickel (Figure 1.16).
118 
The commercially available
 
[Ru(bpy)2Cl2] is used as a precursor 
for several mixed ligand complexes and this complex has been synthesized by the 
reaction between RuCl3 and two equivalence of 2,2’-bipyridine with excess LiCl in 2,5-
DMF.
119
 
 
 Several ruthenium, rhodium and iridium complexes containing 2,2’-bipyridine 
have been shown to be efficient homogeneous hydrogenation catalysts for the 
hydrogenation of CO2 to formic acid in water. These includes  [Cp*Rh(bpy)Cl]Cl (Cp*= 
pentamethylcyclopentadinyl; bpy = 2,2’-bipyridine), [Cp*Rh(4,4’-Me-bpy)Cl]Cl (4,4’-
Me-bpy = 4,4’-dimethyl-2,2’-bipyridine), [(η
6
-C6Me6)Ru
II
(bpy)(OH2)](SO4), [(η
6
-
C6Me6)Ru
II
(4,4’-OMe-bpy)(OH2)](SO4) (4,4’-MeO-bpy = 4,4’-dimethoxyl-2,2’-
bipyridine) etc.
120,121
 For example, Hayashi and his coworkers have shown that the 
hydrogenation of carbon dioxide to formic acid can be achieved using water soluble 
ruthenium complexes [(η
6
-C6Me6)Ru
II
(bpy)(OH2)](SO4) and [(η
6
-C6Me6)Ru
II
(4,4’-OMe-
bpy)(OH2)](SO4) at 40 °C with H2 (5.5 MPa) and CO2 (2.5 MPa) in aqueous acidic 
solution (pH 2.5-5.0) in 12 h.
120 
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Ruthenium bipyridine containing complexes have been reported for the C-O bond 
hydrogenation and hydrogenolysis chemistry. For example, hydrogenation  of  1-heptanal  
to  1-heptanol  was achieved using Ru3(CO)12/2,2’-bipyridine/SiO2  catalyst.
122 
cis-
[Ru(6,6’-Cl2bpy)2(H2O)2](CF3SO3)2 (2) is an effective catalyst for the for the 
hydrogenation of a carbon dioxide to formic acid in ethanol in the presence of 
triethylamine at a temperature between 100 °C to 150 °C,
123 
and as discussed in section 
1.2.5 the (2) catalyst also been used for the hydrogenation of 1,2-propanediol to n-
propanol at 125 °C/700 psi H2(g) using 6 mol% HOTf in sulfolane.
101  
This suggest that 
bipyridine ligands are
 
stable under acidic conditions. Park and coworkers
 
have
 
demonstrated the hydrogenation of various ketones into corresponding alcohols using 
isopropanol as a solvent. For example, transfer hydrogenation of acetophenone to 1-
phenylethanol in 2-propanol using NaOH as a base was achieved with 0.1 mol% of 
ruthenium(II) complex [Ru(bpy)2-(PhenTPy)] catalyst (Figure 1.17) at 150 °C in 3 h.
124 
The asymmetric hydrogenation of ketones has also been demonstrated using 
ruthenium catalyst containing auxiliary bidentate chelating nitrogen ligands, and these 
catalysts have shown to be highly efficient hydrogenation catalysts for ketone reduction. 
In the 1980s, research by Noyori’s group showed that asymmetric hydrogenation of 
functionalized ketones to corresponding secondary alcohols can be achieved using 
BINAP-ruthenium catalysts [binap = 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl].
125
 
However, these systems were not efficient for the hydrogenation of non-functionalized 
ketones.
125
 In 1990s, they developed another series of a catalysts containing a ruthenium 
metal center bearing chiral diphosphine and chiral diamine ligand for the asymmetric 
hydrogenation of a simple ketones.
125
 Biarylphosphine ligand based on BINAP were 
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  (A)             (B)  
(C)
  
Figure 1.17. Homogeneous ruthenium hydrogenation catalysts containing 2,2’-bipyridine 
ligands; (A) [LRu(dhbp))Cl]Cl ; (B) cis-[Ru(6,6’-Cl2bpy)2(H2O)2](CF3SO3)2 ; (C) 
[Ru(bpy)2-(PhenTPy)] 
proved to be very efficient Noyori’s catalyst. These kinds of systems are very effective 
because the metal center can be tuned electronically and sterically by substituting 
different functional groups on the arene groups.
126
 The bidentate chiral 1,2 diamines and 
1,4 diamines are used in combination with phosphine ligands. Noyori received the 2001 
Nobel Prize in chemistry for his work on catalytic asymmetric hydrogenation reactions. 
Highly enantioselective hydrogenation of various aromatic, heteroaromatic, and olefinic 
ketones was achieved using [RuCl2(xylbinap)-(daipen)] (Figure 1.18) as a catalyst in 2-
propanol using strong base such as KOH, KOtBu.
127  
For example, acetophenone and its 
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derivatives can be hydrogenated to their corresponding alcohols in nearly 99% yield 
under 8 atm H2  at 25 °C with S/C ratio of 100000/1 (Scheme 1.6).
127 
The same catalyst is 
also very active for the hydrogenation of α,β-unsatured ketones to corresponding chiral 
allylic alcohols in presence of a weak base K2CO3 (Scheme 1.6).
127 
The Noyori’s catalytic 
 
 
Figure 1.18. [RuCl2(xylbinap)-(daipen)] catalyst 
system gives an opportunity to tune the metal center both electronically and sterically. 
Therefore, building a catalytic system containing phosphorus and nitrogen heterocycle 
would permit facile tuning of the electronic and stereochemical properties of the target 
Ru
2+
 complexes to achieve the hydrogenation of C-O bond in the target molecule.   
Clearly, there is an ample evidence which suggests that 2,2’-bipyridine ligands 
are active ligands for the hydrogenation and hydrogenolysis chemistry. The use of water 
as a solvent in the above transformations suggests that ruthenium(II) complexes 
containing 2,2’bipyridine are stable under aqueous conditions. The high temperature 
reactions, and the experiments which are done under acidic conditions, and also the 
experiments done using triflic acids suggests that bipyridine ligand systems are stable 
under acidic, aqueous and reducing conditions at elevated temperatures. All this suggests 
that 2,2’-bipyridine containing systems are efficient C-O bond hydrogenation catalysts.  
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Scheme 1.6. Ru-BINAP-diamine catalyzed asymmetric hydrogenation of simple ketones 
1.3. Catalyst designing criteria  
 Based on the proposed semi-ionic (Scheme 1.4) and ionic hydrogenation 
mechanisms (Scheme 1.3), we believe that the mechanism depicted in Scheme 1.7 may 
be a possible one for selective hydrogenation of furfural (FFR) to furfuryl alcohol (FFA) 
and catalytic selective deoxygenation of FFR and 5-hydroxymethylfurfural (HMF) to 2-
methylfuran (MF) and 2,5-dimethylfuran (2,5-DMF), respectively. The initial step 
involves ionic hydrogenation of the carbonyl group to form an alcohol: the relatively 
electron rich C=O group is protonated, transforming it from a proton acceptor to a highly 
electrophilic hydride acceptor, which upon accepting a hydride is effectively 
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hydrogenated. Alternatviely, the alcohol product may form via a “semi-ionic’ pathway 
such as depicted in Scheme 1.4. The second step involves acid-assisted reduction of the 
alcohol: protonation of OH group transforms it into a good leaving group, then hydride 
attack and loss of water results in dehydration. Clearly, a number of design criteria must 
be applied to any catalyst that efficiently operates by this type of sequential 
proton/hydride transfer mechanism, including: 1) the catalyst must contain a metal center 
which is electrophilic enough to activate H2 gas in heterolytic fashion to form a metal 
hydride and proton. For this to happen, the metal center must be an electron poor cationic  
 
Scheme 1.7. Possible hydrogenation and hydrogenolysis mechanism for FFR and HMF 
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complex, which can make H2 more acidic and polarize the H2 towards H
δ+
 and H
δ-
. This 
is because free H2 is a very weak acid, binding of H2 to a more electrophilic cationic 
metal center increase the acidity of H2 forming a metal hydride and a highly acidic 
proton. It has been shown that pKa of H2 when it is binds to highly electrophilic metal 
center can be as low as -6 which is nearly equal to acidity of sulfuric acid.
114 
The 
heterolytic activation of H2 will mainly depend on charge of the complex, nature of the 
ligand present, and nature of the metal. The metal complexes with a neutral charge, 
binding to a more electron donating ligand with third-row transition metal will favor the 
elongation of dihydrogen bond leading to dihydride as shown in Figure 1.19. The metal 
complex with more positive charge, containing an electron-withdrawing ligand with first-
row transition metal, will favor the molecular dihydrogen binding (Figure 1.19).  
 
 
Figure 1.19. Dihydrogen bond distances from crystallography and NMR  
 The electrophilicity of the metal center will be controlled by the coligands that are 
binding to the metal center. For example, the presence of electron-withdrawing ligands 
will reduce the backbonding from the filled metal orbitals to the empty antibonding σ* 
orbitals of the dihydrogen, leading to heterolytic cleavage of dihydrogen; whereas, the 
presence of more electron-donating ligands on the metal will increase the back bonding 
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leading to homolytic cleavage of the dihydrogen forming dihydride (Figure 1.20) . 
Therefore, the choice of coligand is very important factor in designing the catalyst.  
 A second important factor to consider while designing the catalyst is that the 
catalyst must be able to tolerate acidic aqueous conditions, and metal must have low 
oxophilicity to avoid catalyst poisoning by oxygen containing substrate or by water 
which is a byproduct in the reaction. Thus, late transition metals such as Ru, Rh, Pd, Pt, 
and Ir are more favored, because metal-oxygen bond of these late transition metals are 
more reactive therefore the catalytic centre will not be deactivated by the formation of 
inert metal–oxygen bonds.
101
 Considering the fact that platinum, palladium and rhodium  
 
 
Figure 1.20. Pathways for cleavage of dihydrogen 
metals are very expensive, ruthenium seems to be more reasonable metal to use. Also, as 
discussed in section 1.2.5, ruthenium complexes are stable under aqueous acidic 
conditions. We also have to make sure that the solvent, counterion(s) associated with the 
precatalyst and all of the catalytic intermediates (Scheme 1.7) must be non-nucleophilic, 
non-oxidizing, non- or weakly-coordinating, and stable against hydrolysis under the 
reaction conditions. 
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 Another factor to consider while designing the catalyst is the catalyst must contain 
ligands that can tolerate acidic aqueous, and reducing conditions at temperatures required 
for the desired reactions. As mentioned in section 1.2.7, the bipyridyl frame work 
containing a robust nitrogen donor atom satisfy all these criteria, and moreover bipyridyl 
framework can be readily functionalized, which would permit facile tuning of the 
electronic and stereochemical properties of the target metal complexes. For example, to 
make the metal center more electrophilic, we can put electron withdrawing groups (such 
as NO2, Cl, F, etc.,) on the bipyridine ligand, thereby decreasing the electron density on 
the metal center. This will decrease the backbonding from the metal center to dihydrogen, 
favoring the heterolytic cleavage of dihydrogen. Similarly, to increase the nucleophilicity 
at the metal center, we can substitute electron-donating groups on the bipyridne ring; this 
will increase the electron density at the metal center making the Ru-H more hydridic. The 
metal center can also be well tuned electronically and sterically by having a variety of 
phosphine groups with varying electronegativity.  
 Given that many examples of well characterized ruthenium centers that favor 
heterolytic activation of H2(g) and the formation of monomeric ruthenium hydride and/or 
η
2
dihydrogen (η
2
-H
2
) species have been used in a variety of catalytic hydrogenations,
19,33-
37
 and the literature evidence demonstrated that complexes of type cis-[Ru(6,6’-
Cl2bpy)2(H2O)2](OTf)2 (2) are promising hydrogenation and hydrogenolysis catalysts, we 
intended to develop the synthetic potential of Ru
2+
 complexes, and develop their efficacy 
as catalysts for the breaking of carbon-oxygen (C-O) bonds. Our ultimate goal is to 
design and preparation of homogeneous deoxygenation catalyst systems that possess 
improved activity, selectivity, and durability relative to current catalyst systems.  
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1.4. Objective 
The goal of my project is to design and develop the synthetic potential of 
electrophilic Ru
n+
 complexes of the general composition shown in Figure 1.21. We intend 
to evaluate their efficiency as catalysts for hydrogenation of furfuraldehyde to furfuryl 
alcohol and selective deoxygenation of furfuraldehyde and 5-hydroxymethylfurfural to 2-
methylfuran and 2,5-dimethylfuran, respectively. The ultimate goal is the design and 
preparation of hydrogenation and deoxygenation catalyst systems that possess improved 
activity, selectivity, stability and durability relative to current catalytic systems. Also, we 
want to develop an understanding of the mechanistic pathway for these reactions. 
The reasons for choosing the bipyridyl framework for developing our catalytic 
system are, (i) bipyridines generally display robust redox stability and (ii) the bipyridyl 
framework can be readily functionalized.
117
 (iii) There is literature which establishes that 
ketones can be hydrogenated to their corresponding alcohols and further to alkanes using 
a ruthenium metal based catalyst with a bipyridyl ancillary ligand.
101
 Since good potential 
has been already demonstrated using cis-[Ru
II
(6,6’-Cl2bpy)2(OH2)2](OTf)2 (2)
36,101
 as a 
catalyst for the hydrogenation of organic carbonyl compounds and olefins in a biphasic 
aqueous/organic media, we decided to further elaborate this class of compounds. Having 
a variety of substituents, such as NO2, Cl, CF3, Me etc., at different positions to 
functionalize on the nitrogen heterocycle will permit facile tuning of the electronic and 
stereochemical properties of target Ru
2+
 complexes. 
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BArF=Tetrakis[(3,5-trifluoromethyl)phenyl]borate and OTf
-
=Trifluoromethanesulfonate. 
Figure 1.21. Catalytic framework for hydrogenation of furan derivatives 
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Chapter 2: Hydrogenation and hydrogenolysis of furfural and furfuryl alcohol 
catalyzed by ruthenium(II) bis(diimine) diaqua complexes 
2.1. General considerations 
Furfuryl alcohol (FFA) and 2-methyl furan (MF) are important biomass derived 
chemicals obtained from hydrogenation and hydrogenolysis of furfural (FFR). Both FFA 
and MF are important intermediates in chemical industries. A selective hydrogenation of 
furfural to furfuryl alcohol and to 2-methylfuran is very challenging process because of 
the possibility of potential ring hydrogenation, ring opening and decarbonylation 
reactions.
85
 
As discussed in chapter 1, ruthenium complexes have demonstrated a strong 
ability towards C-O bond hydrogenation and hydrogenolysis. The potential of complexes 
({[Cp*Ru(CO)2]2(μ-H)}
+
OTf
-
) (1) and cis-[Ru(6,6’-Cl2bpy)2(H2O)2](OTf)2 (2) as a 
promising catalyst for the hydrogenation of carbonyl compounds and alkenes has 
previously been recognized.
33,101,132 
Homogeneous ruthenium-based catalysts, such as 
ruthenium–carbene complexes
88,133
 and RuCl2(PPh3)3,
89 
have recently been reported to be 
active for FFR hydrogenation. Since good potential has been already demonstrated and 
ruthenium bipyridine complexes fulfill all the designed criteria (Section 1.3), we decided 
to elaborate on the same class of compounds first. In this chapter, we have explored the 
potential of ruthenium(II) bis(diimine) complexes, including some which can potentially 
generate more electron-rich ruthenium hydride species than obtained from 2 as catalysts 
for the hydrogenation and/or hydrogenolysis of FFR and FFA. We have also examined 
the effect of the nature of the counterion on reactivity of the complexes. Specifically, we 
compared the effect of weakly coordinating [(3,5-(CF3)2C6H3)4 B](BArF) anion versus 
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CF3SO3(OTf) anion. It is now well recognized that the rate or even probability of a 
reaction at a cationic metal center may be attenuated by coordination of counterion. 
Herein we demonstrate that ruthenium(II) bis (diimine) complexes are effective 
homogeneous catalysts for the chemoselective hydrogenation of FFR and FFA to furfuryl 
alcohol and tetrahydrofurfuryl alcohol (THFA), respectively. In addition, we show that 
the complexes display good promise as catalysts for the hydrogenolysis of FFR and FFA 
to MF. Developing a selective catalyst for the synthesis of THFA is also very useful, as 
THFA has many industrial applications. For example, it is used as a solvent for variety of 
agricultural applications, such as pest control, weed control. It is used in stripping 
formulations in automotive, and metal-fabricating industries, used as a solvent in epoxy 
resins, THFA-esters are used as a plasticizers and finishing agents. All these applications 
indicate that developing an efficient catalysts for the synthesis of THFA is very 
important.
28,134 
2.2. Experimental section 
All experiments were performed under dry nitrogen atmosphere using standard 
Schlenk techniques (unless stated otherwise). All solvents were dried and distilled by 
standard methods 
135
 prior to use and stored in a glovebox over 4A molecular sieves that 
had been dried in a vacuum oven at 150 °C for at least 48 h. Unless otherwise stated, all 
reagents were purchased from Sigma-Aldrich Chemical Co. and used as received. FFR 
and FFA were distilled under vacuum prior to use. RuCl3.3H2O was purchased from 
Pressure Chemical Co. and hydrogen gas (99.9% purity) was purchased from Scott-Gross 
Co. The compounds NaBArF,
136,137
 cis-[Ru(6,6′-Cl2bpy)2Cl2].2H2O,
138 
cis-[Ru(4,4′-
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Cl2bpy)2Cl2].2H2O,
139 
and cis-[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 
140
 were prepared by 
the literature methods (or modification thereof). 
 1
H, 
13
C, 
19
F, and 
31
P NMR spectra were recorded on a Varian VXR-400 
spectrometer at room temperature unless otherwise stated. All chemical shifts are 
reported in units of δ (downfield from tetramethylsilane) and 
1
H and 
13
C chemical shifts 
were referenced to residual solvent peaks. 
19
F NMR chemical shifts were referenced to 
CFCl3 internal standard and 
31
P NMR chemical shifts were referenced to 85% H3PO4 
internal standard (taken inside capillary tube). Analyses by gas chromatography (GC) 
were performed on a Shimadzu GC-17A instrument with flame ionization detection 
(FID), a 60 m x 0.32 mm (0.25 mm film thickness) Agilent JW Scientific DB-5 GC 
column, and helium as carrier gas. An injection temperature of 140 °C was employed, 
which was found to be sufficiently low to avoid the occurrence of secondary reactions in 
the injection port. GC-MS analyses were performed on an Agilent Technologies 
6890/5973N inert gas GC/mass selective detection system at an ionizing potential of 70 
eV. Elemental analysis for C, H, and N was performed by Robertson Microlit 
Laboratories (Ledgewood, NJ, USA). 
2.2.1.Synthesis of ruthenium(II) bipyridine complexes 
2.2.1.1. Synthesis of cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 (3, BArF = (3,5-
(CF3)2C6H3)4B)  
A mixture of cis-[Ru(6,6′-Cl2bpy)2Cl2].2H2O (0.100 g, 0.152 mmol) and NaBArF (0.267 
g, 0.304 mmol) in 4:1 ethanol–water (40 mL) was heated at 70 °C for 0.5 h. The resulting 
red solution was then cooled to ambient temperature and the solvent was removed under 
vacuum. The red residue was washed three times with an excess of water (~ 20 mL) and 
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then dried under vacuum to give a dark-red sticky powder. Yield = 0.34 g, 97%. 
1
H NMR 
(CD3CN, recorded after letting the solution sit for 1 h; see Discussion section): δ 8.38 
(dd, 2 H, 
3
J=8.0 Hz, 
4
J=1.2 Hz, 6,6′-Cl2bpy), 8.32 (dd, 2 H, 
3
J=8.0 Hz, 
4
J=1.2 Hz, 6,6′-
Cl2bpy), 8.16 (t, 2 H, 
3
J=8.0 Hz, 6,6′-Cl2bpy), 8.08 (t, 2 H, 
3
J=8.0 Hz, 6,6′-Cl2bpy), 7.79 
(dd 2 H, 
3
J=8.0 Hz, 
4
J=1.2 Hz, 6,6′-Cl2bpy), 7.64–7.72 (m, 24 H, BArF), 7.58 (dd, 2 H, 
3
J=8.0 Hz, 
4
J=1.2 Hz, 6,6′-Cl2bpy). 
13
C NMR (CD3CN): δ 162.7 (q, 
1
JBC=50 Hz, Cipso, 
BArF), 161.1, 160.3, 160.1, 159.8, 141.9, 141.8, 135.7 (Co, BArF), 129.9 (m, Cm, BArF), 
129.0, 128.6, 125.5 (q, 
1
JCF=272 Hz, CF3), 124.3, 123.9, 118.8 (Cp, BArF). A sample of 3 
isolated as 3.2H2O was characterized by microanalysis. Anal. Calcd for 
C84H44B2Cl4F48N4O4Ru: C, 42.94; H, 1.89; N, 2.38. Found: C, 42.51; H, 1.56; N, 2.53.  
2.2.1.2. Synthesis of cis-[Ru(4,4′-Cl2bpy)2(OH2)2](CF3SO3)2 (4) 
A mixture of cis-[Ru(4,4′-Cl2bpy)2Cl2].2H2O (0.480 g, 0.729 mmol) and Ag[CF3SO3] 
(0.412 g, 1.603 mmol) in 1:9 ethanol–water (80 mL) was heated at reflux for 2 h. The 
resulting red solution was cooled to ambient temperature and then filtered to remove 
AgCl. The filtrate was concentrated to dryness under reduced pressure and the red residue 
was dried under vacuum for 12 h. Yield = 0.64 g, 99%. 
1
H NMR (CD3CN, recorded after 
letting the solution sit for 4 h; see Discussion section): δ 9.18 (d, 2 H, 
3
J=6.4 Hz, 4,4′-
Cl2bpy), 8.61 (d, 2 H, 
4
J=2.0 Hz, 4,4′-Cl2bpy), 8.48 (d, 2 H, 
4
J=2.0 Hz, 4,4′-Cl2bpy), 7.93 
(dd, 2 H, 
3
J=6.4 Hz, 
4
J=2.0 Hz, 4,4′-Cl2bpy), 7.57 (d, 2 H, 
3
J=6.4 Hz, 4,4′-Cl2bpy), 7.36 
(dd, 2 H, 
3
J=6.4 Hz, 
4
J=2.0 Hz, 4,4′- Cl2bpy). 
13
C NMR (CD3CN): δ 159.3, 158.5, 155.4, 
154.5, 147.5, 147.0, 129.2, 128.2, 126.1, 125.7. 
19
F NMR (CD3CN): δ 78.0 (CF3SO3
-
). 
Anal. Calcd for (4.2H2O) C22H20Cl4F6N4O10RuS2 : C, 28.68; H, 2.19; N, 6.08. Found: C, 
29.06; H, 1.80; N, 6.27.  
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Single crystals of cis-[Ru(4,4′-Cl2bpy)2(CH3CN)2](CF3SO3)2 (4′) suitable for X-ray 
diffraction study were obtained via slow recrystallization of 4 from acetonitrile and 
diethyl ether at ambient temperature. 
2.2.1.3. Synthesis of cis-[Ru(4,4′-Cl2bpy)2(OH2)2](BArF)2 (5, BArF = (3,5-
(CF3)2C6H3)4B) 
A mixture of cis-[Ru(4,4′-Cl2bpy)2(OH2)2](CF3SO3)2 (0.100 g, 0.113 mmol) and NaBArF 
(0.202 g, 0.228 mmol) in water (50 mL) was heated at reflux for 2 h. The reaction 
mixture was cooled to room temperature and then filtered. The dark-red precipitate was 
washed three times with water (3 x 20 mL). The product was then dried under vacuum 
overnight. Yield = 0.210 g, 81%. 
1
H NMR (CD3CN, recorded after letting the solution sit 
for 1 h; see Discussion section): δ 9.16 (d, 2H, 
3
J=6.4 Hz, 4,4′-Cl2bpy), 8.60 (d, 2 H, 
4
J=2.0 Hz, 4,4′-Cl2bpy), 8.47 (d, 2 H, 
4
J=2.4 Hz, 4,4′-Cl2bpy), 7.91 (dd, 2 H, 
3
J=6.0 Hz, 
4
J=2.0 Hz, 4,4′-Cl2bpy), 7.70 (m, 16 H, BArF) 7.66 (m, 8 H, BArF), 7.56 (d, 2 H, 
3
J=6.8 
Hz, 4,4′-Cl2bpy), 7.34 (dd, 2 H, 
3
J=6.0 Hz, 
4
J=2.4 Hz, 4,4′-Cl2bpy). 
13
C NMR (CD3CN): 
δ 162.7 (q, 
1
JBC=50 Hz, Cipso, BArF), 159.3, 158.6, 155.4, 154.5, 147.6, 147.1, 135.7 (Co, 
BArF), 129.9 (m, Cm, BArF), 129.1, 128.2, 126.1, 125.7, 125.5 (q, 
1
JCF =272 Hz, CF3), 
118.8 (Cp, BArF). 
19
F NMR (CD3CN): δ 62.0 (BArF). Anal. Calcd. for (5.2H2O) 
C84H44B2Cl4F48N4O4Ru: C, 42.94; H, 1.89; N, 2.38. Found: C, 42.33; H, 1.97; N, 2.27.  
2.2.2. Typical procedure for hydrogenation/hydrogenolysis activity tests 
Hydrogenation/hydrogenolysis activity tests were performed in a 125 mL 
stainless steel Parr reactor showed in Figure 2.1. In a typical reaction, solvent (10 mL), n-
octane (20 mL, internal standard), substrate (1.21 mmol), catalyst (1 mol%), and a stirrer 
bar were charged into the reactor. After sealing the reactor, the air content was purged by 
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flushing thrice with 51 atm hydrogen. The reactor was pressurized with hydrogen, 
immersed in a preheated silicone oil bath, and magnetically stirred (reaction conditions 
are described for each result and the stirring rate was ~450 rpm). The pressure inside the 
chamber was maintained at the specified pressure throughout the course of the reaction. 
After the appropriate reaction time, the reactor was cooled to room temperature, vented, 
and the products were analyzed quantitatively by GC-FID (and further identified by 
comparison of GC-MS data with corresponding data for authentic samples).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. High pressure Parr reactor for hydrogenation/hydrogenolysis reactions 
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2.3. Results and Discussion 
2.3.1. Synthesis and characterization of ruthenium(II) bis(diimine) complexes 
Ruthenium(II) bis(diimine) complexes cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 (3, 
BArF = (3,5-(CF3)2C6H3)4B) and cis-[Ru(4,4′-Cl2bpy)2 (OH2)2](CF3SO3)2 (4) were  
 
 
prepared in excellent yield via modification of the method reported by Che and Leung for 
the preparation of cis-[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 (2),
138
 by metathesis of the 
corresponding ruthenium dichloride with two equivalents of NaBArF (equation 1) 
136,137
 
or Ag(CF3SO3) (equation 2)  in ethanol/water, respectively. In contrast, similar reaction 
between cis-[Ru(4,4′- Cl2bpy)2Cl2].2H2O
139 
and NaBArF (2 equiv.) in 4:1 ethanol–water  
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at reflux for 2 h produced a red solution which after work-up furnished dimeric cis-
[(Ru(4,4′-Cl2bpy)2Cl)2]2(BArF)2 (6, equation 3); similar preparation for the related 
compound cis-[Ru(Cl2bpy)2Cl]2(PF6)2 has previously been reported 
14
).  Apparently, 
 
 
dimerization is more facile for the initially formed cis-[Ru(4,4′-Cl2bpy)2Cl(Z)]
+
 species 
than for cis-[Ru(6,6′-Cl2bpy)2Cl(Z)]
+
 species (Z = H2O, EtOH). This is presumably due 
to reduced steric bulk of 4,4′-Cl2bpy compared with 6,6′-Cl2bpy since the more electron 
donating 4,4′-Cl2bpy ligand should generate a less electrophilic ruthenium center than 
6,6′-Cl2bpy ligand.
140
 Thus cis-[Ru(4,4′-Cl2bpy)2(OH2)2](BArF)2 (5) was instead obtained 
in 81% yield via metathetical reaction of 4 with NaBArF in water at reflux for 2 h 
(equation 4). Compounds 2-5  
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dissolve well in polar organic solvents, such as ethanol, DMSO, acetonitrile (MeCN), 
sulfolane, and N-methylpyrrolidone (NMP). However, the complex 3, 5 and 6 were only 
sparingly soluble in CHCl3 and insoluble in water, while 3 was insoluble in CHCl3 but 
partially soluble in water.  
The formulation and structure of compounds 3-5 were established by 
microanalysis and solution (
1
H, 
13
C, and 
19
F) NMR data. Since the compounds readily 
exchanged their H2O ligands in acetonitrile, NMR data were recorded for the resultant bis 
(acetonitrile) complexes (after letting the solutions sit for 1–4 h). Both the 
1
H and 
13
C 
NMR data for each compound displayed sharp resonances that are consistent with the 
expected C2 symmetry. For example, the 
1
H NMR spectrum of each compound displayed 
six aromatic resonances, which integrate as two protons each, for the disubstituted 2,2′-
bipyridine ligands (analogous to data previously reported for cis-[Ru(6,6′-
Cl2bpy)2(OH2)2](CF3SO3)2 (2).
138,141
 Consistent with weak or non-coordination of the 
counterions, 4 and 5 each displayed a single 
19
F NMR signal at δ -78.0 (CF3 SO3
-
)
142
 and 
-62.0 (BArF
-
)
143
 ppm, respectively. As shown in Figure. 2.2, X-ray analysis of single 
crystals of cis-[Ru(4,4′-Cl2bpy)2(CH3CN)2](CF3SO3)2 (4′) confirmed the structure 
assigned by spectroscopy; the compound adopts a distorted octahedral structure with the 
two bidentate 4,4′-dichloro-2,2′-bipyridine ligands coordinated cis at the ruthenium 
center. The distortion from idealized octahedral geometry arises from the acute bite angle 
of the bipyridine ligands [e.g. N(1)-RuN(2) = ~79°]. All of the Ru-N bond distances are 
within the  expected range and comparable to those (2.04–2.07 Å) observed for related 
complexes cis-[Ru(bpy)2(CH3CN)2 ](ClO4)2 (The Ru-N bond distance is 2.04-2.06 Å)
144
 
and cis-[Ru(6,6′-Cl2bpy)2(κ
2
-acac)2](ClO4) (The Ru-N bond distance is 2.04-2.07 Å).
145
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Figure 2.2. Molecular structure of cis-[Ru(4,4′-Cl2bpy)2(CH3CN)2](CF3SO3)2 4′ 
 The structure of 6 was unequivocally established by X-ray crystallography 
(Figure.2.5) and its 
1
H NMR data in CDCl3 (which displayed six equally intense aromatic 
resonances for the 4,4′-Cl2bpy ligands, consistent with D2 symmetry) showed that the 
solid-state structure of 6 is maintained in CDCl3 solution. As shown in Figure.2.5, a 
distorted octahedral environment exists about each Ru
2+
 center in 6, owing to the acute 
bite angles resulting from the 4,4′-Cl2bpy ligands [e.g. N(1)-Ru-N(2) = ~79°] and the 
bridging chlorides [Cl(1)-Ru-Cl(2)] = ~84°). All of the Ru-N and Ru-Cl bond distances 
(2.02–2.07 Å and ~2.43 Å, respectively) are within the expected ranges and comparable 
to those observed for the related complex [Ru(phen)(CO)Cl2]2
146
 whose Ru-N and Ru-Cl 
bond distances were 2.05-2.07 Å and ~2.42 Å and and the Cl-Ru-Cl bond angle was 
83.4° 
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2.3.2. Solvent Effect 
Choice of suitable solvent is very important in achieving the C-O bond 
hydrogenation and hydrogenolysis of furan derivatives. As mentioned in Section 1.3, the 
ideal solvent needs to have high thermal stability, must be non-nucleophilic, non-
oxidizing, non- or weakly-coordinating, and must be stable against hydrolysis under the 
reaction conditions. Furfural (FFR) is only slightly soluble in water and furfuryl alcohol 
(FFA) is completely miscible in water, but it is unstable in water. But both FFR and FFA 
are soluble in most of the common organic solvents. The catalysts 2-5 are soluble in polar 
solvents such as alcohols, acetonitrile, methylene dichloride, acetone, NMP, and 
sulfolane. The hydrogenation of furfural using 1 mol% 2 as a catalyst in water at 90 
°C/51 H2 atm pressure showed almost complete conversion of FFR, with a small amount 
of FFA and there was more polymerized products, this may be due to the instability of 
FFA in water. When we tried using toluene and ether as a solvent for hydrogenation of 
furfural using 1 mol% catalyst 2 at temperature between 90-130 °C/51 atm H2 pressure, 
for 4-6 h, there was less than 5% conversion for FFR with trace amount of unidentified 
side products. The slow reaction may be due to the insolubility of the catalysts in toluene 
and ether. Under the similar conditions using acetonitrile as a solvent we obtained less 
than 10% FFR conversion and there was no formation of FFA.  
 
Figure 2.3. Structure of NMP and sulfolane 
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Using alcohols such as ethanol, methanol, propanol, and butanol as a solvent we 
obtained very good conversion of FFR with high selectivity for FFA at a temperature 
between 90-130 °C. Alcohols have been used as a solvent for C-O bond hydrogenation 
and hydrogenolysis reactions, but only problem with using alcohol as solvent is the 
formation of acetal at higher temperature.
147
 Hence we also tried using high boiling 
solvents such as NMP (N-Methyl-2-pyrrolidone) (boiling point = 202 °C) and sulfolane 
(tetramethylenesulfone) (boiling point = 283 °C) as a solvent (Figure 2.3). As we 
discussed in Chapter 1 (section 1.2.5) sulfolane has been used as a solvent to achieve the 
hydrogenation and hydrogenolysis of 1,2-propanediol.
35,101
 This solvent is stable under 
acidic conditions, and  both FFR and FFA are miscible with sulfolane. NMP has shown 
to be a good solvent for the hydrogenation of fructose at a temperature between 100 °C to 
130 °C, using H2Ru(PPh3)4 and RhC1(PPh3)3 as a catalyst.
148
 Therefore, we decided to 
use ethanol, NMP, and sulfolane as solvent for C-O bond hydrogenation and 
hydrogenolysis reactions. The hydrogenation results of FFR and FFA using sulfolane, 
NMP, and alcohols are discussed in section 2.3.3.  
2.3.3. Hydrogenation/hydrogenolysis activity studies 
As shown in Table 2.1 (entries 1, 4–6), compounds 2-5 are all active catalysts for 
the hydrogenation of furfural (FFR) in ethanol, exhibiting essentially 100% conversion of 
FFR and near-complete selectivity (93-100%) for furfuryl alcohol (FFA) formation at 
modest temperatures. cis-[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 (2) displayed better 
selectivity than cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 (3) for C=O bond (versus C=C 
bond) hydrogenation. For example, the hydrogenation of FFR in the presence of 1 mol% 
of catalyst 2 proceeded at 100 °C/51 atm H2 pressure for 2 h to furnish FFA in near-
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quantitative yield (Table 2.1, entry 1). Similar results were also obtained by Rothenberg 
and coworkers who reported a very high conversion >99.61% and very good selectivity 
(99%) for FFA using ruthenium-carbene complexes in i-PrOH at 60 °C.
88
   
 
 
Figure 2.4. Hydrogenation products of FFR using catalyst 2-5 
 FFR hydrogenation proceeded in the presence of catalyst 2 (0.40 mol%) at lower 
temperature and pressure (85 °C/10.2 atm H2 ) to give 93% yield of FFA and 7% yield of 
THFA (Figure 2.4; Table 2.1, entry 4). A possible mechanism for catalytic formation of 
FFA via FFR hydrogenation, which involves protonation of carbonyl group of FFR 
followed by hydride attack on the electrophilic carbon of protonated FFR, is depicted in 
Scheme 2.1. In the proposed mechanism the water molecules will be displaced by 
hydrogen molecule forming [Ru-(η
2
-H2)] complex. The heterolytic activation of the 
dihydrogen will leads to protonation of the carbonyl group of furfural forming protonated 
furfural and ruthenium hydride. Ruthenium hydride will then do the nucleophilic attack 
on the electrophilic carbon atom of the protonated furfural giving furfuryl alcohol. The 
catalyst will then be regenerated, and the cycle continues. 
 The possible reaction pathway for the formation of a THFA is shown in Scheme 
2.2. The formation of THFA can occur through two possible potential routes, which 
includes the intermediates such as FFA or tetrahydrofurfural. One route proceeds via 
hydrogenation of ring forming tetrahydrofurfural, the C=O bond of tetrahydrofurfural can 
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Table 2.1. Ru(II)bis(diimine) catalyzed hydrogenation/hydrogenolysis of FFR  
Entry Cat. Substrate Solvent
f
 P 
(psi) 
T 
(°C) 
t 
(h) 
Conv  
(%)
g,h
 
Selectivity (%)
g,i
 
FFA THFA MF 
 
1 2
a 
 FFR EtOH  51 100  2  99  >99  -  <1  
2 2
a
  FFR NMP  51 130  4  98  99  -  -  
3 2
a
  FFR Sulfolane  51 125  6  100  100  -  -  
4 3
b 
 FFR EtOH  10.2 85  2  100  93  7  -  
5 4
a
  FFR EtOH  51 110  18  100  98  <1  -  
6 5
a
  FFR EtOH  51 125  23  100  99  <1  -  
7 2
a
  FFR  EtOH  51 130  4  100  17  Trace  20  
8 2
a 
 FFA  EtOH 51 130  4  90  -  5  25  
9 3
b
  FFR  EtOH 10.2 90  9  100  74  26  -  
10 3
b 
 FFA  EtOH  51 130  4  100  -  >99  -  
 
a
1.0 mol % catalyst; 
b
0.40 mol % catalyst; 
f
10 mL solvent. 
g
Average of ≥3 experiments. 
h
Determined by GC analysis using n-octane as internal standard. 
i
Product selectivity = (mol product formed/mol substrate consumed) × 100. 
  
be hydrogenated to form THFA. The second route includes the hydrogenation of C=O 
bond in FFR forming FFA. Double bonds of the FFA ring are then hydrogenated to give 
THFA. However, the fact that the yield of THFA increased when the reaction was 
conducted under similar conditions for a longer duration (Table 2.1, entry 4 vs. 9), 
suggest that THFA formation is preceded by FFA formation (i.e. C=O bond 
hydrogenation is more facile than C=C bond hydrogenation under the reaction 
conditions). Consistent with this suggestion, the hydrogenation of FFA in the presence of 
0.40 mol% of catalyst 3 at 130 °C in ethanol for 4 h gave THFA in quantitative yield  
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Scheme 2.1. A possible mechanism for FFR hydrogenation 
(Table 2.1, entry 10). The propensity displayed by 3 for hydrogenation of the C=C bonds 
of FFA is likely due to the non-coordinating nature of the BArF counterion.
137 
Use of  
BArF as a counteranion has a several advantages over other counteranions such as OTf
-
, 
BF4
-
 and PF6
-
. For example, BArF counterion increases the stability of the complex and 
also it increases the solubility in nonpolar organic solvents. Brookhart studied the relative 
stability of a complex [C5Me5(P(OMe)3CoCH2CH2(µ-H)]
+
 using both BArF
-
 and BF4
-
 as 
a counteranion in CD2Cl2 solution, and observed that the complex with BArF was much 
more stable than the complex containing the BF4 counter anion.
137 
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 As discussed before, one of the proposed pathways for carbonyl or alkene 
hydrogenation by catalyst 2 involves substrate coordination cis to a hydride ligand 
followed by insertion into a Ru-H bond. Evidently, coordination of a furan ring C=C  
 
Scheme 2.2. Possible reaction scheme for THFA formation 
bond to the electrophilic Ru
2+
 center of a metal hydride species generated from catalyst 3 
is competitive with coordination of H2O and/or EtOH. We presume that 2 did not 
similarly catalyze the hydrogenation of FFA to give THFA (Table 2.1, entry 8 vs. 10) 
because coordination of triflate prevails against coordination of a furan ring C=C bond. 
The coordination of triflate anion to the Ru
2+
 center of mono and diruthenium amidinates 
complexes has been observed by 
19
F NMR by Nagashima.
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 The possible mechanism for the formation of a tetrahydrofurfuryl alcohol (THFA) 
is depicted in Scheme 2.3.
162
 The mechanism involves the coordination of the furfuryl 
alcohol to the ruthenium metal center through the double bond; the next step is a hydride 
migration. The catalyst will be regenerated by releasing the partially hydrogenated 
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furfuryl alcohol. The ring will again coordinates to the metal center through another 
double bond, followed by hydride migration, producing the THFA. 
 Even though cis-[Ru(4,4′-Cl2bpy)2(OH2)2](CF3SO3)2 (4) and cis- [Ru(4,4′-
Cl2bpy)2(OH2)2](BArF)2 (5) both catalyzed FFR hydrogenation to produce FFA in near-
quantitative yield for 100% FFR conversion, each catalyst is significantly less active than 
 
 
Scheme 2.3. Possible mechanism for tetrahydrofurfuryl alcohol (THFA) formation 
the corresponding 6,6′-Cl2bpy-based derivative 2 and 3, respectively (Table 2.1, entries 1 
and 4 vs. entries 5 and 6). Moreover, unlike 3, which catalyzed FFA hydrogenation to 
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produce THFA in near quantitative yield (Table 2.1, entry 10), no reaction was observed 
when FFA was heated in the 130–150 °C range in the presence of H2 (51 atm) and 1 
mol% of catalyst 5 for up to 23 h. The decreased activity of catalysts 4 and 5 most 
probably derives from a combination of reduced Lewis-acidic character of the Ru
2+
 
centers and reduced steric hindrance about the metal centers.  
First, ligation of Ru
2+
 by more electron-donating 4,4′-Cl2by ligands would likely 
lower the equilibrium concentration of the dihydrogen complexes cis-[Ru(4,4′-
Cl2bpy)2(η
2
-H2 )Z]
2+/+
 (Z = H2O, substrate, solvent, or CF3SO3) generated from 4 and 5, 
and would undoubtedly increase the pKa values (i.e. decrease acidity) of the dihydrogen 
complexes.
150
 Second, triflate would almost certainly compete more effectively with the 
C=O group of FFR for coordination to Ru
2+
 in the metal hydride species cis-[Ru(4,4′-
Cl2bpy)2H(Z)]
+/0
 (Z = H2O, substrate, solvent, CF3SO3) than in cis-[Ru(6,6′-
Cl2bpy)2H(Z)]
+/0
 (II) since 4,4′-Cl2bpy is sterically less demanding than 6,6′-Cl2bpy; such 
behavior could possibly decrease the catalytic activity of 4 relative to 2. Third, given the 
non-coordinating nature of BArF counterion, dimerization of cis-[Ru(4,4′-
Cl2bpy)2H(Z)]
+/0
 species (Z=H2O, substrate, solvent) generated from cis- [Ru(4,4′-
Cl2bpy)2(OH2)2](BArF)2 (5) would likely be more facile than dimerization of cis-
[Ru(6,6′-Cl2bpy)2H(Z)]
+/0
 species generated from cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 
(3). Consistent with this suggestion, we noted earlier that cis-[Ru(4,4′-Cl2bpy)2Cl(Z)]
+
 
species (Z = H2O, EtOH) readily dimerized to furnish cis-[(Ru(4,4′-Cl2bpy)2Cl)2](BArF)2 
(5) while cis-[Ru(6,6′-Cl2bpy)2Cl(Z)]
+
 species reacted further with NaBArF in 
ethanol/water to give 3.  
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Dimerization of ruthenium hydride species would effectively reduce the 
concentration of active catalyst in solution, which would account for decrease activity of 
5 relative to 3. Also, more facile dimerization of the ruthenium hydride species generated 
from 5 (versus 3) would account for why 5 did not catalyze the hydrogenation of FFA to 
THFA when 3 did. Presumably, dimerization of the cis-[Ru(4,4′-Cl2bpy)2H(Z)]
+
 species 
prevails against coordination of FFR ring C=C bond under our reaction conditions.  
 
Figure 2.5. Molecular structure of cis-[(Ru(4,4′-Cl2bpy)2Cl)2]2(BArF)2 6 
Given that hydrogenolysis of FFR (a trace of MF) was observed in the reaction of 
FFR with H2 (51 atm) catalyzed by cis-[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 (2) at 100 °C, 
79 
 
we have briefly investigated the hydrogenolysis of FFR (and FFA) in the 125–130 °C 
range in ethanol as well as in solvents that would preclude formation of acetal and/or 
ether by-product(s). The hydrogenolysis reactions were performed under a mild 
condition, because the problem with hydrogenation of aldehyde at higher temperature 
using alcoholic solvents is the formation of a side product such as acetal due to a reaction 
between the substrate and the solvent. Reyes and coworkers have reported that the liquid 
phase hydrogenation of furfural over Ir/TiO2 as a catalyst produced 
2-furaldehyde-diethylacetal (Figure 2.6) which was confirmed by the mass spectroscopy 
analysis.
147
 Also, we noticed that the catalyst started decomposing above 130 °C which 
 
Figure 2.6. Reaction pathway for the formation of 2-furaldehyde-diethylacetal 
was observed as black precipitate in the reaction mixture at the end of the reaction. 
Therefore, all the hydrogenation and hydrogenolysis reactions were done below 130 °C. 
In this context, Schalf and coworkers previously reported that dehydration of a glycerol 
using cis-[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 (2) at 150 °C was not successful due to the 
decomposition of catalyst 2 above 125 °C, which was mainly due to the reduction of a 
catalyst to ruthenium metal which was observed as a black precipitate at the end of the 
reaction.
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 Reaction of furfural (FFR) with H2 (51 atm) in the presence of 1 mol% of 2 at 130 
°C in ethanol for 4 h proceeded to 100% FFR conversion and furnished a mixture of 
products (Table 2.1, entry 7), including furfuryl alcohol (FFA) (17% yield), 2-
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methylfuran (MF) (20% yield), and 2-(diethoxymethyl) furan (furfural diethyl acetal, 
14% yield) (Scheme 2.4). (Typically, four to five additional products are also formed. 
While the products have not yet been fully identified, they appear to derive from 
reactions between ethanol and FFR followed by different extents of furan ring 
hydrogenation and or hydrogenolysis. Similar results were obtained using isopropyl 
alcohol as solvent.) Reasoning that added acid should promote the desired acid-assisted 
dehydration reaction, we repeated the previous reaction with addition of 1 μL of 
CF3SO3H (~ 1 mol equiv relative to 2) and obtained 23% yield of 2-methylfuran (MF), 
trace amount of furfuryl alcohol (FFA), and THFA (tetrahydrofurfuryl alcohol). This data 
suggest that the addition of a Bronsted acid whose conjugate base is non-nucleophilic, 
non-oxidizing, and weakly- or non-coordinating, such as CF3SO3H, has the potential to 
promote C-OH bond hydrogenolysis. 
 Analogous reaction of FFA with H2 in ethanol catalyzed by 1 mol% of cis-
[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 (2)  also produced a mixture of products (Table 2.1, 
entry 8), which included MF and THFA in 25% and 5% yield, respectively. When we 
repeated the previous reaction with addition of 1 μL of CF3SO3H, there was almost 90% 
conversion of FFA giving 23% yield of MF, along with trace amount of THFA, and other 
products. There was not much increase in the MF yield by adding triflic acid. We 
observed a black precipitate on further increasing the concentration of triflic acid, which 
may be due to the acid-assisted polymerization of FFA.  
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Scheme 2.4. Products formed by hydrogenolysis of FFR using catalyst 2-5 
 Initial attempts to improve the efficiency of FFR hydrogenolysis by using catalyst 
2 in the 125–130 °C range in polar organic solvents, such as NMP or sulfolane (thus 
precluding formation of acetal and ether byproducts) led to exclusive production of FFA. 
For example, hydrogenation of FFR using catalyst 2 in NMP at 130 °C/51 H2 atm 
pressure in 4 h gave 98% FFR conversion with 99% selectivity for FFA (Table 2.1, entry 
2). Similarly, the hydrogenation of FFR with catalyst 2 using sulfolane as a solvent at 125 
°C/51 atm H2 pressure in 6 h gave complete conversion of FFR with maximum 100% 
selectivity for FFA (Table 2.1, entry 3).  There was no hydrogenolysis product observed 
in reactions where NMP and sulfolane was used as a solvent in presence of catalyst 2. In 
connection with the hydrogenolysis of FFA (and FFR) occurring in ethanol but not in 
NMP or sulfolane, we note that a transiently formed dihydrogen species cis-[Ru(6,6′-
Cl2bpy)2(η
2
 -H2)Z]
2+/+
 (I) is the only acid present under our reaction conditions; hence the 
rate of FFA hydrogenolysis is probably slowed by the rather low concentration of acid. 
Furthermore, while protonated FFA and protonated ethanol possess similar acid strengths 
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(pKa ≅ -2), protonated NMP is a significantly weaker acid (pKa ≅ -0.5).152 Thus the 
concentration of protonated FFA would be negligible in NMP solution due to the solvent 
leveling effect, causing the hydrogenolysis reaction to be much less effective. When we 
tried hydrogenolysis of FFA using catalyst 2 in NMP in presence of CF3SO3H (100 μL) 
at 130° C/51 atm H2(g) for 24 h, we obtained 6% of MF for 41% FFA conversion. This 
result suggests that basicity of NMP is slowing down the hydrogenolysis reaction.  
   
 
Scheme 2.5. Possible mechanism for FFA hydrogenolysis using catalysts 2-5 
 We also conducted hydrogenation reactions using Lewis acids such as InCl3, 
Bi2O3, BiOTf, and bismuth halides, but only bismuth halides showed some activity 
among other Lewis acids we tried. For example, the reaction of FFA in NMP using 1 
mol% cis-[Ru(4,4′-Cl2bpy)2(OH2)2](CF3SO3)2 (2) and 15 mol% InCl3, at 130 °C/51 atm 
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H2 pressure for 14 h, showed only trace amount of MF with little FFA conversion, 
suggesting that InCl3 is not efficient to activate C-O bond hydrogenolysis. Under the 
similar conditions, reaction of FFA using 15 mol% bismuth oxide did not have any MF 
and bismuth triflate had very less conversion of FFA giving trace amount of MF. The 
above behavior may be due to the fact that bismuth oxides and bismuth triflate are not 
converting the hydroxyl group of FFA into a good leaving group. However, bismuth 
chloride showed some FFA conversion, giving less than 10% MF yield, but the reaction 
was very slow at 130 °C. 
  A possible mechanism for catalytic formation of MF via FFA hydrogenolysis is 
shown in Scheme 2.5. In the proposed mechanism the water molecules will be displaced 
by a hydrogen molecule forming [Ru-(η
2
-H2)] complex. The heterolytic activation of the 
dihydrogen will leads to protonation of the hydroxyl group of FFA, forming protonated 
FFA and ruthenium hydride as an intermediate. Ruthenium hydride will then do the 
nucleophilic attack on the electrophilic carbon atom of the protonated furfuryl alcohol 
forming 2-methylfuran (MF). The catalyst will then be regenerated, and the cycle 
continues. A similar acid-assisted nucleophilic substitution (SN2) mechanism has been 
proposed to explain Pd-catalyzed hydrogenolysis of benzyl alcohol in acidic medium.
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2.4. Conclusions 
Ruthenium(II) bis(diimine) complexes cis-[Ru(6,6′-Cl2bpy)2(OH2)2](Z)2 (2, 
Z=CF3SO3; 3, Z = BArF) and cis-[Ru(4,4′-Cl2bpy)2(OH2)2](Z)2 (4, Z = CF3SO3; 5, Z = 
BArF) are all active and highly selective catalysts for the hydrogenation of FFR to FFA 
under modest reaction conditions. Due to a combination of reduced Lewis acidity of the 
Ru
2+
 centers and reduced steric hindrance about the metal centers, catalysts 4 and 5 
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(containing 4,4′-Cl2bpy ligands) are less active than 6,6′-Cl2bpy-containing catalysts 2 
and 3, respectively. cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 (3) is also an efficient catalyst 
for the hydrogenation of FFA to THFA. Presumably, this is because coordination of C=C 
bonds of FFA to the ruthenium center is not inhibited by non-coordinating BArF 
counterions. Our initial studies demonstrate that cis-[Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 
(2) is an active catalyst in ethanol for the hydrogenolysis of FFA to MF, albeit the 
selectivity is poor. In contrast to 2, cis-[Ru(4,4′- Cl2bpy)2(OH2)2](CF3SO3)2 (4) did not 
catalyze hydrogenolysis of FFA (or FFR) in ethanol under similar conditions. Since the 
reduced steric hindrance about the electrophilic Ru
2+
 center of 4 likely increases the 
propensity for dimerization of generated metal hydride species (thereby removing active 
catalyst from solution). 
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Chapter 3: Catalytic deoxygenation of furfuryl alcohol and 5-
hydroxymethylfurfural using [(L2)2Ru(PR3)(OH2)](OTf)2/BiBr3 (L2 = aromatic 
diimine; PR3 = PPh3 or P(C6H4F)3) 
3.1. General considerations 
As discussed in chapter 2, ruthenium complexes cis-[Ru(6,6’-
Cl2bpy)2(H2O)2](OTf)2 (2), cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 (3), cis-[Ru(4,4′-
Cl2bpy)2 (OH2)2](BArF)2 (4), and cis-[Ru(4,4′-Cl2bpy)2(OH2)2](BArF)2 (5) are promising 
C-O bond hydrogenation catalysts. All most complete conversion of furfural (FFR) and 
high selectivity (>99%) for furfuryl alcohol (FFA) was achieved using catalysts 2-5. But 
none of them were particularly good to perform the C-O bond hydrogenolysis chemistry. 
The C-O bond hydrogenolysis of furfuryl alcohol was slow at 130 °C, and the catalysts 
were unstable above 130 °C. The reaction of 5-hydroxymethylfurfural (HMF) in ethanol 
in presence of catalyst 2-5 at 130 °C/51 atm H2 (g) led to lot of side products (such as 
ethers, acetal). This may be due to the fact that rate of the hydrogenation of HMF is 
slower than the rate of formation of acetal, in which case most of the substrate will be 
consumed for acetal formation. The reaction is very slow in ethanol below 130 °C. 
Repeating the previous reaction using NMP (N-Methyl-2-pyrrolidone) as solvent at 130 
°C, showed no reactivity.  
The catalyst cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 (3), displayed a better 
selectivity for C=C bond hydrogenation of FFA than the catalyst cis-[Ru(6,6’-
Cl2bpy)2(H2O)2](OTf)2 (2), resulting in formation of tetrahydrofurfuryl alcohol (THFA). 
This may be due to the non-coordinating nature of BArF counterion (Chapter 2, section 
2.3). We also learned that the reaction was slow using catalyst cis-[Ru(4,4′-
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Cl2bpy)2(OH2)2](BArF)2 (4) and cis-[Ru(4,4′-Cl2bpy)2(OH2)2](BArF)2  (5), and there was 
no ring hydrogenation product observed using these two catalysts. The reason for the 
above behavior may be due to formation of dimeric ruthenium hydride complex (as a 
result of less steric hindrance at the metal center) (Section 2.3). If dimerization is the 
problem, we can eliminate formation of dimer by putting a bulky phosphine group on the 
ruthenium metal center, so that the complex will have only one labile ligand (H2O) on the 
metal center, hence just one coordinate site will be available for required transformation 
to occur.  By synthesizing this we can also study the effect of increasing the hydricity at 
the metal center on C-O bond hydrogenolysis of FFA and HMF. Since phosphines are 
better sigma donor than water, by substituting the phosphine ligand we will be increasing 
the basicity at the ruthenium metal center (this will make Ru-H more hydridic). 
Simultaneously we can tune the electrophilicity of the metal center by substituting 
different phosphine groups with varying electronegativity. By synthesizing phosphine-
based catalysts we can tune the metal center both electronically and sterically. Therefore, 
in order to achieve this we synthesized a series of ruthenium complexes of the general 
formula cis-[Ru(bpy)2(OH2)(PR3)](CF3SO3)2. 
3.2. Experimental section 
All experiments were performed under dry nitrogen atmosphere using standard 
Schlenk techniques (unless stated otherwise). All solvents were dried and distilled by 
standard methods
135
 prior to use and stored in a glovebox over 4A molecular sieves that 
had been dried in a vacuum oven at 150 °C for at least 48 h. Unless otherwise stated, 5-
hydroxymethylfurfural (HMF), PPh3, P(C6H4F)3, silver triflate and all other reagents 
were purchased from Sigma-Aldrich Chemical Co. and used as received. Bismuth halides 
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were purchased from Strem Chemicals and were used as received. Furfural (FFR) and 
Furfuryl alcohol (FFA) were distilled under vacuum prior to use. RuCl3.3H2O was 
purchased from Pressure Chemical Co. and hydrogen gas (99.9% purity) was purchased 
from Scott-Gross Co. The compounds cis-[Ru(bpy)2(L)Cl]
+
(Cl
-
) (L= PPh3,  P(C6H4F)3) 
(bpy = 4,4’-Cl2bpy, 4,4’-Me2bpy, bpy), cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2, cis-
[Ru(bpy)2(PPh3)(OH2)](CF3SO3)2, cis-[Ru(4,4’-Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 and cis-
[Ru(4,4’-Me2bpy)2{(P(C6H4F)3}(OH2)](CF3SO3)2 were prepared by the modification of 
the literature methods.
154
 
 1
H, 
13
C, and 
31
P NMR spectra were recorded on a Varian VXR-400 spectrometer 
at room temperature unless otherwise stated. All chemical shifts are reported in units of δ 
(downfield from tetramethylsilane) and 
1
H and 
13
C chemical shifts were referenced to 
residual solvent peaks. 
31
P NMR chemical shifts were referenced to 85% H3PO4 internal 
standard (taken inside capillary tube). Analyses by gas chromatography (GC) were 
performed on a Shimadzu GC-17A instrument with flame ionization detection (FID), a 60 
m x 0.32 mm (0.25 mm film thickness) Agilent JW Scientific DB-5 GC column, and 
helium as carrier gas. An injection temperature of 140 °C was employed, which was 
found to be sufficiently low to avoid the occurrence of secondary reactions in the 
injection port. GC-MS analyses were performed on an Agilent Technologies 6890/5973N 
inert gas GC/mass selective detection system at an ionizing potential of 70 eV. Elemental 
analysis for C, H, and N was performed by Robertson Microlit Laboratories (Ledgewood, 
NJ, USA). 
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 3.2.1. Synthesis of cis-[Ru(bpy)2(OH2)(PR3)(CF3SO3)2 complexes  
3.2.1.1. Synthesis of cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7) 
A 4:1 ethanol/water (100 mL) solution of cis-[Ru(bpy)2Cl2] (0.200 g, 0.413 mmol), 
P(C6H4F)3 (0.130 g, 0.411 mmol), and Na[SO3CF3] (0.0810 g, 0.471 mmol) was stirred at 
reflux for 18 h. At completion, the clear orange solution was cooled to room temperature 
and the solvent was removed in vacuo. The orange crystalline solid, cis-
[Ru(bpy)2{P(C6H4F)3}Cl](CF3SO3) (7-Cl), was dried under vacuum and used in the next 
step without further purification. Yield: 0.30 g, 95%. 
1
H NMR (CD3CN): 
1
H NMR 
(CD3CN): δ 9.25 (d, 1H, 
3
J = 4.8 Hz, bpy), 9.04 (d, 1H, 
3
J = 6.0 Hz, bpy), 8.45 (d, 1H, 
3
J 
= 8.4 Hz, bpy), 8.39 (d, 1H, 
3
J = 8.0 Hz, bpy), 8.28 (d, 1H, 
3
J = 7.2 Hz, bpy), 8.16 (d, 1H, 
3
J = 8.4 Hz, bpy), 8.07 (dt, 1H, 
3
J = 8.0 Hz, 
4
J = 1.6 Hz, bpy), 8.02-7.92 (m, 2H, bpy), 
7.68 (dt, 1H, 
3
J = 8.4 Hz, 
4
J = 1.6 Hz, bpy), 7.46-7.34 (m, 8H, P(C6H4F)3, bpy), 7.28-18 
(m, 3H, bpy), 6.98-6.90 (m, 6H, P(C6H4F)3), 6.80 (m, 1H, bpy). 
31
P NMR (CD3CN): δ 
43.3 (P(C6H4F)3).  
 A mixture of cis-[Ru(bpy)2{P(C6H4F)3}Cl](CF3SO3) (7-Cl, 1.80 g, 1.97 mmol) 
and Ag[SO3CF3] (0.750 g, 2.92 mmol) in 1:1 ethanol/water (200 mL) was stirred at 
reflux for 8 h. At completion, the orange mixture was cooled to room temperature then 
filtered. The filtrate was concentrated to dryness under vacuum and the orange residue 
was extracted with CH2Cl2. The CH2Cl2 solution was evaporated and the orange solid (7) 
was dried under vacuum. Yield: 1.80 g, 87%. 
1
H NMR (CD3CN): δ 8.87 (d, 1 H, 
3
J = 5.6 
Hz, bpy), 8.59 (dm, 1 H, 
3
J = 5.6 Hz, bpy), 8.55 (d, 1 H, 
3
J = 8.0 Hz, bpy), 8.48 (d, 1 H, 
3
J = 8.4 Hz, bpy), 8.30 (d, 1 H, 
3
J = 8.0 Hz, bpy), 8.29 (d, 1 H, 
3
J = 8.0 Hz, bpy), 8.23 (dt, 
1 H, 
3
J = 8.0 Hz, 
4
J = 1.2 Hz, bpy), 8.07 (dt, 1 H, 
3
J = 7.6 Hz, 
4
J = 1.6 Hz, bpy), 8.04 (dt, 
1 H, 
3
J = 8.0 Hz, 
4
J = 1.2 Hz, bpy), 7.90 (dt, 1 H, 
3
J = 7.6 Hz, 
4
J = 1.6 Hz, bpy), 7.54 (dd, 
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1 H, 
3
J = 6.0 Hz, 
4
J = 1.6 Hz, bpy), 7.41 (dd, 1 H, 
3
J = 6.0 Hz, 
4
J = 1.6 Hz, bpy), 7.36 (m, 
1 H, bpy), 7.25 (m, 1 H, bpy), 7.16-7.09 (m, 7 H, P(C6H4F)3, bpy), 7.07-6.98 (m, 7 H, 
P(C6H4F)3, bpy). 
13
C NMR (CD3CN): δ 164.9 (dd, JC-F = 249 Hz, 
4
JC-P = 2.3 Hz, 
P(C6H4F)3), 159.3, 158.2, 157.8, 157.0, 156.9, 154.6, 152.8, 150.7, 140.4 (d, JC-P = 24.1 
Hz, ipso-C, P(C6H4F)3), 139.1, 136.7 (m, P(C6H4F)3), 129.0, 128.9, 128.7, 128.6, 127.3, 
126.9, 125.8, 125.3, 125.2, 125.0, 117.1 (m, P(C6H4F)3). 
31
P NMR (CD3CN): δ 45.4 
(P(C6H4F)3).  
 Prior to obtaining microanalysis data, a sample of 7 was recrystalized from 
acetonitrile and diethyl ether, producing cis-[Ru(bpy)2{P(C6H4F)3}(CH3CN)](CF3SO3)2 
(7-CH3CN). Anal. Calcd. for (7-CH3CN•2H2O) C42H35F9N5O8PRuS2: C, 45.66; H, 3.19; 
N, 6.34. Found: C, 45.29; H, 2.63; N, 6.19. Single-crystals of cis-
[Ru(bpy)2{P(C6H4F)3}(CH3CN)](CF3SO3)2 (7-CH3CN) suitable for X-ray diffraction 
study were obtained via slow recrystallization of 7 from acetonitrile and diethyl ether at 
room temperature. 
3.2.1.2. Synthesis of cis-[Ru(bpy)2(PPh3)(OH2)](CF3SO3)2 (8) 
A 4:1 ethanol/water (60 mL) solution of cis-[Ru(bpy)2Cl2] (0.300 g, 0.619 mmol) and 
PPh3 (0.153 g, 0.584 mmol) was stirred at reflux for 5 h. At completion, the solution was 
cooled to room temperature then concentrated to dryness under reduced pressure. The 
residue was dissolved in water (60 mL) and the solution was charged with Ag[CF3SO3]  
(0.160 g, 0.623 mmol). The resulting red-orange precipitate was collected by filtration 
and extracted with ethanol. The ethanol solution was concentrated in vacuo and the 
resulting red-orange solid, cis-[Ru(bpy)2(PPh3)Cl](CF3SO3) (8-Cl), was dried under 
vacuum. Yield:  0.460 g, 92%. 
1
H NMR (DMSO-d6): δ 9.12 (d, 1H, 
3
J = 5.2 Hz, bpy), 
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9.07 (d, 1H, 
3
J = 6.0 Hz, bpy), 8.76 (d, 1H, 
3
J = 7.2 Hz, bpy), 8.71 (d, 1H, 
3
J = 8.4 Hz, 
bpy), 8.58 (d, 1H, 
3
J = 7.6 Hz, bpy), 8.47 (d, 1H, 
3
J = 8.4 Hz, bpy), 8.18 (t, 1H, 
3
J = 6.4 
Hz, bpy), 8.05 (m, 2H, bpy), 7.77 (t, 1H, 
3
J = 7.6 Hz, bpy), 7.54 (t, 1H, 
3
J = 6.4 Hz, bpy), 
7.43-7.37 (m, 2H, bpy), 7.36-7.27 (m, 9H, PPh3), 7.23-7.10 (m, 8H, PPh3, bpy), 6.89 (t, 
1H, 
3
J = 6.0 Hz, bpy). 
 A mixture of cis-[Ru(bpy)2(PPh3)Cl](CF3SO3) (8-Cl, 0.460 g, 0.535 mmol) and 
Ag[CF3SO3] (0.170 g, 0.662 mmol) in water (60 mL) was stirred at reflux for 14 h.  At 
completion, the red mixture was cooled to room temperature and filtered. The filtrate was 
concentrated under reduced pressure to ~30 mL and let sit at room temperature overnight. 
The dark red crystals of 8 that precipitated were collected by filtration and dried under 
vacuum. Yield:  0.400 g, 75%. 
1
H NMR (CD3CN): δ 8.97 (d, 1 H, 
3
J = 5.6 Hz, bpy), 8.61 
(d, 1 H, 
3
J = 5.6 Hz, bpy), 8.55 (d, 1 H, 
3
J = 7.6 Hz, bpy), 8.48 (d, 1 H, 
3
J = 7.2 Hz, bpy), 
8.26 (d, 2 H, 
3
J = 8.4 Hz, bpy), 8.22 (dt, 1 H, 
3
J = 8.0 Hz, 
4
J = 1.2 Hz, bpy), 8.06 (dt, 1 H, 
3
J = 8.0 Hz, 
4
J = 1.2 Hz, bpy), 7.99 (dt, 1 H, 
3
J = 8.0 Hz, 
4
J = 1.6 Hz, bpy), 7.87 (dt, 1 H, 
3
J = 8.0 Hz, 
4
J = 1.6 Hz, bpy), 7.51 (dd, 1 H, 
3
J = 5.6 Hz, 
4
J = 1.2 Hz, bpy), 7.41 (m, 3 H 
PPh3), 7.39-7.28 (m, 3 H, bpy), 7.26 (m, 6 H, PPh3), 7.22-7.10 (m, 7 H, PPh3, bpy), 6.98 
(dt, 1 H, 
3
J = 5.6 Hz, 
4
J = 1.2 Hz, bpy). 
13
C NMR (CD3CN): δ 159.3, 158.3, 158.2, 157.9, 
157.1, 157.0, 154.6, 152.7, 150.6, 140.3 (JC-P = 23.2 Hz, ipso-C, PPh3), 138.9, 138.8, 
134.3 (d, JC-P = 9.3 Hz, ortho-C, PPh3), 131.5, 131.4, 131.1, 129.9 (d, JC-P = 9.3 Hz, meta-
C, PPh3), 128.9, 128.6 (para-C, PPh3), 128.5, 125.7, 125.0, 124.9, 124.8. 
31
P NMR 
(CD3CN): δ 45.8 (PPh3).  Anal. Calcd. for C40H33F6N4O7PRuS2: C, 48.44; H, 3.35; N, 
5.65. Found: C, 48.24; H, 3.16; N, 5.77. 
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3.2.1.3. Synthesis of cis-[Ru(4,4’-Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9)  
A 4:1 ethanol/water (100 mL) solution of cis-[Ru(4,4’Cl2bpy)2Cl2]•2H2O (0.503 g, 
0.764 mmol) and PPh3 (0.195 g, 0.743 mmol) was stirred at reflux for 5.5 h. At 
completion, the red solution was cooled to room temperature then concentrated to 
dryness under reduced pressure. The residue was purified by column chromatography 
using alumina as the adsorbent and 3:2 toluene/acetonitrile as eluent. A dark red fraction 
was collected and concentrated in vacuo. The residue was recrystalized from CH2Cl2 and 
diethyl ether, and the red precipitate, cis-[Ru(4,4’-Cl2bpy)2(PPh3)Cl]Cl (9-Cl), was dried 
under vacuum. Yield: 0.500 g, 76%. 
1
H NMR (CD3CN): δ 9.13 (d, 1H, 
3
J = 6.8 Hz, 4,4’-
Cl2bpy), 8.98 (d, 1H, 
3
J = 6.4 Hz, 4,4’-Cl2bpy), 8.66 (d, 1H, 
4
J = 2.0 Hz, 4,4’-Cl2bpy), 
8.62 (br s, 1H, 4,4’-Cl2bpy), 8.57 (br s, 1H, 4,4’-Cl2bpy), 8.44 (br s, 1H, 4,4’-Cl2bpy), 
7.47-7.32 (m, 12H, PPh3, 4,4’-Cl2bpy), 7.24-7.18 (m, 7H, PPh3, 4,4’-Cl2bpy), 7.12 (d, 
1H, 
3
J = 6.4 Hz, 4,4’-Cl2bpy), 6.82 (m, 1H, 4,4’-Cl2bpy). 
31
P NMR (CD3CN): δ 42.1 
(PPh3). 
 Ag[CF3SO3] (0.350 g, 1.36 mmol) was added into a 1:4 ethanol/water solution 
(200 mL) of cis-[Ru(4,4’-Cl2bpy)2(PPh3)Cl]Cl (9-Cl, 0.564 g, 0.638 mmol). The solution 
was protected from light and stirred at reflux for 2 h. The resulting orange-red reaction 
mixture was filtered and the filtrate was concentrated to dryness under reduced pressure. 
The dark red crystalline product, cis-[Ru(4,4’-Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9), was 
dried under vacuum. Yield: 0.360 g, 63%. 
1
H NMR (CD3CN): δ 8.80 (d, 1H, J = 6.4, 
bpy), 8.63 (d, 1H, J = 2.4, bpy), 8.57 (d, 1H, J = 2.0, bpy), 8.47 (d, 1H, J = 6.0, bpy), 
8.38-34 (m, 2H, bpy), 7.59 (dd, 1H, J = 6.4, 2.4, bpy), 7.48-7.42 (m, 4H, bpy, PPh3), 7.37 
(dd, 1H, J = 6.0, 2.4, bpy), 7.34-7.28 (m, 6H, PPh3), 7.26 (dd, 1H, J = 6.4, 2.4, bpy), 
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7.18-7.02 (m, 7H, bpy, PPh3), 7.07 (dd, 1H, J = 6.4, 2.0, bpy). 
13
C NMR (CD3CN): δ 
159.6, 158.9, 158.1, 157.3, 157.1, 155.4, 153.9, 152.1, 148.6, 148.4, 147.1 (d, JC-P = 17.1 
Hz, ipso-C, PPh3), 134.3 (d, JC-P = 9.3 Hz, o-C, PPh3), 131.7, 131.1, 130.7, 130.0 (d, JC-P 
= 9.3 Hz, m-C, PPh3), 129.4, 129.3, 129.0, 129.8 (p-C, PPh3), 126.6, 126.3, 126.2, 126.0. 
31
P NMR (CD3CN): δ 44.1 (PPh3). Anal. Calcd. for C40H29Cl4F6N4O7PRuS2: C, 42.53; H, 
2.59; N, 4.96. Found: C, 42.40; H, 2.64; N, 4.83. 
3.2.1.4. Synthesis of cis-[Ru(4,4’-Me2bpy)2{(P(C6H4F)3}(OH2)](CF3SO3)2 (10)  
A 4:1 ethanol/water (100 mL) mixture of cis-[Ru(4,4’Me2bpy)2Cl2] (1.12 g, 2.07 mmol) 
and P(C6H4F)3 (0.655 g, 2.07 mmol was stirred at reflux for 4 h. At completion, the clear 
orange solution was concentrated under reduced pressure and the residue was washed 
with ether and dried under vacuum to give cis-[Ru(4,4’-Me2bpy)2{P(C6H4F)3}Cl]Cl (10-
Cl) as an orange powder. Yield: 1.68 g, 95%. 
1
H NMR (CD3CN): δ 9.03 (d, 1H, 
3
J = 6.0 
Hz, 4,4’-Me2bpy), 8.81 (d, 1H, 
3
J = 5.6 Hz, 4,4’-Me2bpy), 8.34 (br s, 1H, 4,4’-Me2bpy), 
8.28 (br s, 1H, 4,4’-Me2bpy), 8.19 (br s, 1H, 4,4’-Me2bpy), 8.06 (br s, 1H, 4,4’-Me2bpy), 
7.46-7.38 (m, 6H, P(C6H4F)3), 7.19 (d, 2H, 
3
J = 6.0 Hz, 4,4’-Me2bpy), 7.08 (d, 1H, 
3
J = 
4.8 Hz, 4,4’-Me2bpy), 7.02 (dd, 1H, 
3
J = 5.6 Hz, 
4
J = 2.4 Hz, 4,4’-Me2bpy), 6.98-6.90 
(m, 7H, P(C6H4F)3, 4,4’-Me2bpy), 6.62 (dd, 1H, 
3
J = 6.4 Hz, 
4
J = 1.2 Hz, 4,4’-Me2bpy), 
2.58 (s, 3H, Me2bpy), 2.52 (s, 3H, Me2bpy), 2.44 (s, 3H, Me2bpy), 2.34 (s, 3H, Me2bpy).
 
31
P NMR (CD3CN): δ 44.4 (P(C6H4F)3). 
A mixture of cis-[Ru(4,4’-Me2bpy)2{P(C6H4F)3}Cl]Cl (10-Cl, 1.61 g, 1.88 mmol) 
and Ag[CF3SO3] (1.13 g, 4.40 mmol) in 1:1 ethanol/water (180 mL) was stirred at reflux 
for 10 h.  At completion, the orange-red mixture was cooled to room temperature then 
filtered. The orange filtrate was concentrated to dryness under reduced pressure and the 
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residue was was washed with ether and dried under vacuum to give an orange crystalline 
solid. Yield: 1.85 g, 89%. 
1
H NMR (CD3CN): δ 8.62 (d, 1H, J = 6.0 Hz, 4,4’-Me2bpy), 
8.40 (br s, 1H, 4,4’-Me2bpy), 8.38 (d, 1H, J = 6.0 Hz, 4,4’-Me2bpy), 8.33 (br s, 1H, 4,4’-
Me2bpy), 8.12 (br s, 2H, 4,4’-Me2bpy), 7.32 (dq, 1H, 
3
J = 6.0 Hz, 
4
J = 1.2 Hz, 4,4’-
Me2bpy), 7.23 (dq, 1H, 
3
J = 6.0 Hz, 
4
J = 1.2 Hz, 4,4’-Me2bpy), 7.18 (dq, 1H, 
3
J = 5.6 Hz, 
4
J = 1.2 Hz, 4,4’-Me2bpy), 7.16-7.08 (m, 7H, P(C6H4F)3, 4,4’-Me2bpy), 7.06-6.98 (m, 
6H, P(C6H4F)3), 6.93 (d, 1H, J = 6.0 Hz, 4,4’-Me2bpy), 6.88 (dq, 1H, 
3
J = 6.0 Hz, 
4
J = 
1.2 Hz, 4,4’-Me2bpy), 2.62 (s, 3H, Me2bpy), 2.54 (s, 3H, Me2bpy), 2.48 (s, 3H, Me2bpy), 
2.42 (s, 3H, Me2bpy). 
13
C NMR (CD3CN): δ 164.9 (d, JC-F = 249 Hz, P(C6H4F)3), 160.1, 
158.8, 157.5, 157.4, 156.7, 156.6, 153.7, 152.9 (d, JC-P = 28.5 Hz, ipso-C, P(C6H4F)3), 
151.8, 151.7, 149.7, 136.8 (m, P(C6H4F)3), 129.6, 129.4, 129.2, 129.1, 127.7, 127.3, 
126.4, 125.9, 125.6, 117.0 (m, P(C6H4F)3). 
31
P NMR (CD3CN): δ 46.2 (P(C6H4F)3). Anal. 
Calcd. for (10•2H2O) C44H42F9N4O9PRuS2: C, 46.44; H, 3.72; N, 4.92. Found: C, 46.43; 
H, 3.15; N, 4.51. 
3.2.1.5. Synthesis of 1,2-Bis( 2-furyl)ethane (11)  
A mixture of furfuryl alcohol (4.51 g, 46.0 mmol) and bismuth bromide (0.60 g, 1.34 
mmol) was added into 50 mL of NMP in 600 mL Parr reactor. The solution is heated at 
160 °C for 15 h under 750 psi hydrogen pressure. The resulting solution was extracted 
using water/hexane. The organic layer containing the product was collected, and the 
solvent was removed under vacuum. The orange red viscous liquid was then subjected to 
fractional distillation under vacuum. 1,2-bis( 2-fury1)ethane was collected at a 
temperature between 60-62 °C. 
1
H NMR (CDCl3): δ 7.38-7.30 (m, 2H), 6.27-6.25 (m, 
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2H), 5.98-6.01 (m, 2H), 2.96 (s, 4H, methylenes). 
13
C NMR (CDCl3): δ 155.1, 141.2, 
110.4, 105.4, 26.9 (CH2). MS (EI): 162.068. 
3.2.2. Typical procedure for hydrogenation/hydrogenolysis activity tests of FFR and 
FFA 
 Hydrogenation/hydrogenolysis activity tests were performed in a 125 mL 
stainless steel Parr reactor. In a typical reaction, solvent (10 mL), n-octane (10 µL, 
internal standard), substrate (FFA 1.15 mmol or FFR = 1.21 mmol), catalyst (1 mol%), 
BiBr3 (20 mol%), and a stirrer bar were charged into the reactor. After sealing the reactor, 
the air content was purged by flushing thrice with 51 atm hydrogen. The reactor was 
pressurized with hydrogen, immersed in a preheated silicone oil bath, and magnetically 
stirred (reaction conditions are described for each result and the stirring rate was ~450 
rpm). The pressure inside the chamber was maintained at the specified pressure 
throughout the course of the reaction. After the appropriate reaction time, the reactor was 
cooled to room temperature, vented, and the products were analyzed quantitatively by 
GC-FID (and further identified by comparison of GC-MS data with corresponding data 
for authentic samples). 
3.2.3. Typical procedure for hydrogenation/hydrogenolysis activity tests of HMF 
 Hydrogenation/hydrogenolysis activity tests were performed in a 600 mL 
stainless steel Parr reactor. In a typical reaction, solvent (10 mL), n-octane (10 µL, 
internal standard), HMF (0.79 mmol), catalyst (2 mol%), BiX3 (20 mol%), and a stirrer 
bar were charged into the reactor. After sealing the reactor, the air content was purged by 
flushing thrice with 51 atm hydrogen. The reactor was pressurized with hydrogen, 
immersed in a preheated silicone oil bath, and magnetically stirred (reaction conditions 
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are described for each result and the stirring rate was ~450 rpm). The pressure inside the 
chamber was maintained at the specified pressure throughout the course of the reaction. 
After the appropriate reaction time, the reactor was cooled to room temperature, vented, 
and the products were analyzed quantitatively by GC-FID (and further identified by 
comparison of GC-MS data with corresponding data for authentic samples). 
3.3. Results and Discussion 
3.3.1. Synthesis and characterization of ruthenium(II) bis(diimine) complexes 
 First we made an attempt to synthesize a cis-[Ru(6,6’-
Cl2bpy)2(PR3)(H2O)(CF3SO3)2 (PR3 = PPh3, PEt3, PMe3)  catalysts starting from 6,6’-
dichloro-2,2’-bipyridine. The reaction was done by refluxing a mixture of PR3 with cis-
[Ru(6,6’-Cl2bpy)2 Cl2 ] in 4:1 ethanol/water for 6 h under nitrogen atmosphere (Figure 
3.1, equation 1). The 
1
H and 
31
P NMR of this solution showed the presence of complex 
mixtures containing different phosphine compounds, which we were not able separate by 
column chromatography. Then we tried synthesizing the phosphine complexes using cis-
[Ru(6,6’-Cl2bpy)2(H2O)2](OTf)2 (2) as a starting material, by refluxing 2 and PR3 in 4:1 
ethanol/water solution for 6-8 h under nitrogen atmosphere (Figure 3.1 , equation 2). But 
this reaction also produced complex mixtures. The attempt to synthesize cis-[Ru(6,6’-
Cl2bpy)2(PR3)(H2O)(CF3SO3)2 with different phosphines under various conditions (by 
varying concentration of ethanol/water, and time) was not successful. The reason for such 
a behavior may be due to steric limitations on 6,6’-dichloro-2,2’-bipyridine ligand that 
can be accommodated at this hindered ruthenium center. Then we tried making 
ruthenium phosphine complexes containing less sterically hindered bipyridines such as  
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Figure 3.1. Synthesis of cis-[Ru(6,6’-Cl2bpy)2(PR3)(H2O)(CF3SO3)2  
4,4’-dichloro-2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine, and 2,2-bipyrdines, whose 
synthesis are discussed below. Ruthenium(II) bis(diimine) complexes cis-
[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7), cis-[Ru(bpy)2(PPh3)(OH2)](CF3SO3)2 (8), 
cis-[Ru(4,4’-Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9), and cis-[Ru(4,4’-
Me2bpy)2{(P(C6H4F)3}(OH2)](CF3SO3)2 (10) were prepared in excellent yield via 
modification of the method reported by Meyer
119
 and Takeuchi
154
 for the preparation of 
cis-[Ru(bpy)2(PPh3)(Cl)](PF6) and cis-[Ru(bpy)2(PPh3)(OH2)](ClO4)2. The 
monosubstituted complex cis-[Ru(bpy)2(L)Cl]
+
(Cl
-
) were prepared by the reaction of a 
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free ligand (L= PPh3,  P(C6H4F)3) with [Ru(bpy)2Cl2]. The ruthenium complexes cis-
[Ru(bpy)2(PR3)(OH2)](CF3SO3)2 were prepared via chloride abstraction from the 
corresponding  cis-[Ru(bpy)2(L)Cl]
+
(Cl) in water/ethanol using silver 
trifluromethanesulfonate or sodium trifluromethanesulfonate.
119 
The colors of the 
complexes 7-10 varied from red to orange, and the overall yields varied from ca. 50 to 
92%. 
 
Figure 3.2. Synthesis of cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7) 
 The complex cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7) was prepared 
starting from cis-[Ru(bpy)2{P(C6H4F)3}Cl](CF3SO3) (7-Cl) as a starting material. The 
complex 7-Cl was synthesized by reaction of one equivalent of free ligand P(C6H4F)3) 
with one equivalent of cis-[Ru(bpy)2Cl2] and sodium triflate in ethanol/water by refluxing 
it for 18 h. The isolated yield of 7-Cl was 95%, this compound is air stable. The catalyst 
cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7) was prepared in 87% yield, by refluxing 
one equivalent of 7-Cl with excess silver triflate in 1:1 ethanol/water for 8 h. Both the 
complexes 7 and 7-Cl was orange red in color (Figure 3.2).  
 The complex cis-[Ru(bpy)2(PPh3)Cl](CF3SO3) (8-Cl) was prepared by refluxing 
one equivalent of PPh3 with one equivalent of cis-[Ru(bpy)2Cl2] in 4:1 ethanol/water for 
5 h (Figure 3.3). The intermediate cis-[Ru(bpy)2(PPh3)Cl](Cl) was then precipitated by 
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Figure 3.3. Synthesis of cis-[Ru(bpy)2(PPh3)(OH2)](CF3SO3)2 (8) 
adding silver triflate and the product was filtered and extracted with ethanol. The yield of 
8-Cl was 92%, and the compound was air stable. By refluxing one equivalent of 8-Cl 
with 1.2 equivalent silver triflate in water for 14 h, the complex cis-
[Ru(bpy)2(PPh3)(H2O)](CF3SO3)2 (8) was obtained in 75% yield. The complex 8 was also 
air stable and the color of the complex was dark red. 
 
Figure 3.4. Synthesis of cis-[Ru(4,4’-Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9) 
 The complex cis-[Ru(4,4’-Cl2bpy)2(PPh3)(Cl)](Cl) (9-Cl) was prepared in 76% 
yield by refluxing one equivalent of PPh3 with one equivalent of cis-[Ru(bpy)2Cl2] in 4:1 
ethanol/water for 5.5 h (Figure 3.4). In order synthesize cis-[Ru(4,4’-
Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9) we added 2.5 equivalents of silver triflate into one 
equivalents of 9-Cl in water and heated for 30 min. But this resulted in a monotriflate 
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complex cis-[Ru(4,4’-Cl2bpy)2(PPh3)(Cl)](CF3SO3), suggesting that the second chloride 
is tightly binding to the ruthenium center. Finally, we were able to synthesize 9 by 
refluxing a mixture of one equivalent of 9-Cl with 2.2 equivalent of silver triflate in 1:4 
ethanol/water for 2 h. We observed that complex 9 started decomposing with light 
exposure, however 9 was found to be stable under air. 
 
Figure 3.5. Synthesis of cis-[Ru(4,4’-Me2bpy)2{(P(C6H4F)3}(OH2)](CF3SO3)2 (10) 
 The complex cis-[Ru(4,4’-Me2bpy)2{(P(C6H4F)3}(OH2)](CF3SO3)2 (10) was 
prepared in 89% yield by refluxing one equivalent of cis-[Ru(4,4’-
Me2bpy)2{P(C6H4F)3}Cl]Cl (10-Cl) with 2.3 equivalents of silver triflate in 1:1 
ethanol/water for 10 h (Figure 3.5). The product was isolated by filtering the silver 
chloride and other impurities. The catalyst 10 is an orange crystalline solid and it is air 
stable.   
 
Figure 3.6. Synthesis of 1,2-di(furan-2-yl)ethane (11)  
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 The compound 1,2-di(furan-2-yl)ethane (11) was obtained by isolating the 
hydrogenation reaction solution of furfuryl alcohol, and bismuth bromide in NMP (Figure 
3.6). In order to separate the product from NMP, the reaction solution was extracted 
using water and hexane. The NMP stayed in the aqueous layer, and the product was in the 
hexane layer. The organic layer was separated, and solvent was removed under vacuum. 
The viscous solution obtained was orange red in color. In order to isolate the product, we 
performed fractional distillation under vacuum. The product was collected at 60 to 62 °C. 
The 
1
H NMR, 
13
C NMR, GC-FID, and high resolution mass spectroscopy analysis 
confirmed the product structure. The 
1
H NMR of 11 displayed three resonances between 
7.38 to 5.98 ppm, which integrated as 6 protons of the two furan rings, and a single 
resonance at 2.96 ppm, which integrated as 4 methylene protons. 
13
C NMR displayed 4 
different resonances between 155.1 to 105.4 ppm, which integrated as 8 carbon atoms of 
two furan rings, and one resonance at 26.9 ppm, which integrated as two methylene 
carbon atoms. The high resolution mass spectroscopy analysis showed the mass of 11 as  
162.0683. 
 The formulation and structure of compounds 7-10 were established by 
microanalysis and solution (
1
H, 
13
C, and 
31
P) NMR data. Since the compounds readily 
exchanged their H2O ligands in acetonitrile, NMR data were recorded for the resultant 
(acetonitrile) complexes (after letting the solutions sit for 1–2 h). Both the 
1
H and 
13
C 
NMR data for 7-10 are consistent with C1 symmetry for the complexes, which confirms a 
cis orientation of the aqua and phosphine ligands. For example, the 
1
H NMR spectrum of 
cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7), displayed aromatic resonances between 
8.87 to 6.98 ppm. The fourteen different aromatic resonances between 8.87 to 7.25 ppm, 
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integrated as one proton each which belongs to two unsubstituted 2,2′-bipyridine ligands. 
Actually there should be 16 different resonance from two 2,2′-bipyridine ligands. 
However, the fact there were only fourteen resonances suggests that there is some overlap 
with the peaks. The two multiple aromatic resonances between 7.16 to 6.98 ppm 
correspond to total of fourteen protons, which integrated as 6 ortho and 6 para protons of 
P(C6H4F)3 and two protons from the 2,2′-bipyridine ligands. The 
31
P NMR spectra for 
complexes 7 exhibited a single sharp resonance for P(C6H4F)3 at δ 46.2 ppm. 
13
C NMR of 
complex 7 displayed a 24 different resonances between 164.9 to 117.1 ppm, which 
corresponds to 20 different carbon atoms from the two 2,2′-bipyridine rings, and two 
resonance corresponds to six ortho and six meta carbon atoms from P(C6H4F)3  and one 
resonance corresponds to 3 ipso carbons and other resonance corresponds to 3 para 
carbon atoms of P(C6H4F)3. 
 Similarly, the 
1
H NMR spectrum of cis-[Ru(bpy)2(PPh3)(OH2)](CF3SO3)2 (8) 
displayed eleven aromatic resonances between 8.97 to 7.50 ppm, three aromatic 
resonances between 7.35 to 7.30 ppm, and one resonance at 7.00 ppm, which integrated 
as 15 protons from the two 2,2′-bipyridine ligands. There was one multiplet between 7.42 
to 7.37 ppm which is integrated as three para protons of PPh3, another multiplet between 
7.29 to 7.24 ppm which integrated as 6 meta protons from PPh3, and one more multiplet 
between 7.22 to 7.10 ppm, which integrated as 7 protons, corresponding to six ortho 
protons from PPh3, and one proton from 2,2′-bipyridine ligands. The 
31
P NMR for 
complex 8 exhibited a single sharp resonance for PPh3 at δ 45.8 ppm. 
13
C NMR of 
complex 8 displayed a 24 different resonance between 159.3 to 124.8 ppm, which 
corresponds to 20 different carbon from the two 2,2′-bipyridine rings, and 2 resonance 
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corresponding to six ortho and six meta carbon atoms from PPh3  and 1 resonance 
corresponds to 3 ipso carbons and other resonance corresponds to 3 para carbon atoms of 
PPh3. 
 On the other hand
 1
H NMR spectrum of cis-[Ru(4,4’-
Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9), displayed six aromatic resonances between 8.80 to 
7.58 ppm, which integrated as a 7 protons of 4,4’-dichloro-2,2′-bipyridine rings, because 
there was overlap of two protons peaks at 8.36 ppm. There was one resonance at 7.37 
ppm, one at 7.26 ppm, and one at 7.08 ppm which integrated as three protons of 4,4’-
Cl2bipyridine rings. There was one multiplet between 7.48-7.42 ppm which is integrated 
as one proton of bpy and three para protons of PPh3. Another multiplet at 7.34-7.28 ppm, 
which corresponds to 6 meta protons of PPh3, and one more multiplet between 7.18-7.0 
ppm, which integrated as 7 protons, corresponding to 6 ortho protons from PPh3, and one 
proton from 4,4’-Cl2bipyridine. The 
31
P NMR spectra for complexes 9 exhibited a single 
sharp resonance for PPh3 at δ 44.1 ppm. 
13
C NMR of complex 9 displayed 24 different 
resonances between 159.6 and 126.0 ppm, which correspond to 20 different carbon from 
the two 4,4’-dichloro-2,2′-bipyridine rings, 2 resonances corresponding to six ortho and 
six meta carbon atoms from PPh3, 1 resonance corresponding to 3 ipso carbons, and other 
resonance corresponding to 3 para carbon atoms of PPh3. 
 The
 1
H NMR spectrum of cis-[Ru(4,4’-Me2bpy)2{(P(C6H4F)3}(OH2)](CF3SO3)2 
(10), displayed eight aromatic resonances between 8.62 to 7.16 ppm, which integrated as 
9 protons of 4,4’-dimethyl-2,2′-bipyridine rings, due to the overlap of two proton peaks at 
8.12 ppm. One resonance at 6.93 ppm and one at 6.88 ppm, which integrated as two 
protons of 4,4’-dimethyl-2,2′-bipyridine ring. There was one multiplet between 7.16-7.08 
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ppm which integrated as seven protons, 6 protons from P(C6H4F)3 and one proton from 
4,4’-dimethyl-2,2′-bipyridine ring. One more multiplet at 7.06-6.98 ppm, which 
corresponds to 6 protons from P(C6H4F)3. Complex 10 also displayed four single sharp 
resonances at 2.61 ppm, 2.54 ppm, 2.48 ppm, and 2.42 ppm each corresponding to three 
protons from four different methyl groups on the 4,4’-dimethyl-2,2’-bipyridine ligand. 
The 
31
P NMR spectra for complexes 10 exhibited a single sharp resonance for P(C6H4F)3  
at δ 46.2 ppm. 
13
C NMR of complex 10 displayed a 24 different resonance between 164.9 
to 117.0 ppm, which corresponds to 20 different carbon from the two 4,4’-dimethyl-2,2′-
bipyridine rings, and 2 resonances corresponding to six ortho and six meta carbon atoms 
from P(C6H4F)3 and 1 resonance corresponding to 3 ipso carbons and another resonance 
corresponds to the 3 para carbon atoms of P(C6H4F)3 . There was one multiplet between 
21.3 to 21.1 ppm which corresponds to four carbon atoms of the four methyl groups from 
4,4’-dimethyl-2,2′-bipyridine ligand. The 
31
P NMR peak of complexes 7-10 was 
comparable to Ru-P chemical shift for a related complex [(η
5
-Cp*)Ru(PPh3)(bpy)]PF6 
which showed a single 
31
P NMR peak at 49.6 ppm.
155
 
 The single crystal structure of cis-[Ru(bpy)2(CH3CN){P(C6H4F)3}](CF3SO3)2 (7′) 
(Figure 3.7) and cis-[Ru(bpy)2{P(C6H4F)3}Cl](CF3SO3) (7-Cl) (Figure 3.8) confirms the 
structure assigned by spectroscopy. The crystals for 7-Cl were grown from CH2Cl2/Et2O 
in NMR tube. The exchange of H2O with CD3CN in complex 7, suggests that the H2O 
ligand in complex 7 is more labile, and loosely bound to ruthenium. The complex 7 and 
7-Cl adopt a distorted octahedral structure with the P(C6H4F)3 and two bidentate 2,2′-
bipyridine ligands coordinated cis at the ruthenium center. The distortion from idealized 
octahedral geometry arises from the acute bite angle of the bipyridine ligands 
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Figure 3.7. Molecular structure of cis-[Ru(bpy)2(CH3CN){P(C6H4F)3}](CF3SO3)2 (7′) 
[e.g. for 7, N(1)-Ru-N(2) = 79.4°]. All of the Ru-N (2.05–2.10 Å) and Ru-P bond 
distances (2.33 Å) are within the expected range and comparable to those observed for 
related complexes [(η
5
-C9H7)Ru(PPh3)(phen)]PF6.
155
 The Ru-Cl and Ru-P bond distances 
in 7-Cl are around 2.44 Å and 2.33 Å. 
 The single crystal structure of precursors cis-[Ru(4,4’-Cl2bpy)2(PPh3)(Cl)]Cl (9-
Cl) and cis-[Ru(4,4’-Me2bpy)2{(P(C6H4F)3}(Cl)](Cl) (10-Cl) are shown in Figure 3.9 and 
3.10. The crystals of complex 9-Cl and 10-Cl were grown in CH2Cl2/Et2O. The 
1
H NMR 
data for 9-Cl and 10-Cl are consistent with C1 symmetry for the complexes, which  
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Figure 3.8.  Molecular structure of cis-[Ru(bpy)2(Cl){P(C6H4F)3}](CF3SO3) (7-Cl) 
confirms a cis orientation of the chloride and phosphine ligands. The complex 9-Cl 
adopts a distorted octahedral structure with PPh3 and two 4,4’-dichloro-2,2’-bipyridine 
ligands coordinated cis at the ruthenium center. Similarly, the complex 10-Cl also adopts 
a distorted octahedral structure with P(C6H4F)3 and two 4,4’-dimethyl-2,2’-bipyridine 
ligands coordinated cis at the ruthenium center. All of the Ru-N (2.03-2.10 Å), and Ru-Cl 
(2.43 Å) bond distance and the bond angle in 9-Cl [N(1)-Ru-N(2) = 78.5°] are within the 
expected range. 
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Figure 3.9. Molecular structure of cis-[Ru(4,4’-Cl2bpy)2(PPh3)(Cl)]Cl (9-Cl) 
 Similarly, the x-ray analysis of single crystals of complex 10-Cl shows that the 
compound adopts a distorted octahedral structure with the P(C6H4F)3 and two bidentate 
4,4’-dimethyl-2,2′-bipyridine ligands coordinated cis at the ruthenium center. The Ru-N 
(2.05-2.10 Å) and Ru-Cl (2.45 Å) bond distance and bond angle [N(1)-Ru-N(2) = 78.3°] 
are within the expected range. 
 The complexes 7-10 are more soluble in polar organic solvents such as ethanol, 
acetonitrile, methylene dichloride, acetone, DMSO, N-methylpyrrolidone (NMP) and 
sparingly soluble in water. We also noticed that the catalysts 7-10 are also stable in 
CH2Cl2 solution for many hours. The coordinated water ligand in compounds 7-10 was 
displaced by CD3CN during NMR recording, suggesting that water is weakly binding to  
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Figure 3.10. Molecular structure of cis-[Ru(4,4’-Me2bpy)2{(P(C6H4F)3}(Cl)](Cl) (10-Cl) 
ruthenium center. As we discussed in chapter 2 (Section 2.3.3), the ruthenium 
bisbipyridine diaqua complexes 2-5 were decomposing above 130 °C. Whereas, the 
catalysts 7-10 have decomposition temperature above 200 °C, suggesting that these 
complexes have high thermal stability. They are also air stable for at least 3 months. 
However, as mentioned before, we noticed that with exposure to light catalyst 9 gradually 
decomposed.   
 
 
 
7             8   9   10 
Figure 3.11. Ruthenium catalyst 7-10 
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 The catalysts 7-10 (Figure 3.11) are sterically almost similar because of the 
presence of less sterically hindered 2,2’-bipyridine and 4,4’substituted bipyridines. 
However, due to the presence of different functional groups on the bipyridines, and also 
different electron donating ability of phosphines the catalysts 7-10 are electronically 
different. The ruthenium center in catalysts 7 is more electrophilic compared to 
ruthenium center in catalyst 10 which is due to the presence of electron donating CH3 
group on the bipyridine ring, and 8 due to the presence of more electron donating 
phosphine group. Among catalysts 8 and 9, the ruthenium center in 9 is more 
electrophilic than 8, due to the presence of an electron withdrawing chloride group on the 
bipyridyl ring of 9. Clearly, we have tuned the metal center with different functional 
groups of varying electron donating ability, to test them for 
hydrogenation/hydrogenolysis of C-O bonds.   
3.3.2. Hydrogenation/hydrogenolysis activity studies of FFR and FFA 
3.3.2.1. Hydrogenation of Furfural (FFR) 
 As shown in Table 3.1 (entries 1–4), compounds 7-10 are all active catalysts for 
the hydrogenation of FFR in NMP, exhibiting essentially >90% conversion of FFR and 
nearly complete selectivity for FFA formation at ~180 °C. For example, the 
hydrogenation of FFR in the presence of 1 mol% catalyst 7 proceeded at 180 °C/51 atm 
H2 pressure for 12 h  to furnish FFA in >90% yield for >90% conversion of FFR. The 
only product seen under these conditions was FFA; there was no formation of 2-
methylfuran (MF) or tetrahydrofurfuryl alcohol (THFA).  
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Figure 3.12. Hydrogenation of FFR using catalyst 7-10 
 The absence of THFA in the hydrogenation reactions using catalyst 7-10 suggests 
that the ruthenium center in 7-10 is sterically hindered by the presence of bulky 
phosphine groups, thereby decreasing the possibility of substrate binding to the metal 
center. Clearly, by making phosphine complexes we have eliminated the ring 
hydrogenation products (eg., THFA). However, the hydrogenation reaction of FFR with 
catalyst 7-10 at a lower temperature (130 °C) gave less conversion of FFA even after 14 
h, whereas the ruthenium-diaqua catalyst that we discussed in chapter-2 gave complete 
conversion of FFR to FFA at a lower temperature (below 130 °C) and short reaction time. 
Possible reason for this slow reactivity may be the decreased electrophilicity at the 7-10 
ruthenium metal centers compared to the ruthenium center in bis-bipyridine diaqua 
catalysts, which in turn reduced the acidity of the dihydrogen complex, thereby slowing 
Table 3.1. Ru(II) bis(diimine)(PR3)(H2O) catalyzed hydrogenation of  FFR 
Entry Cat. Substrate Solvent
f
 P (psi) T (°C) t (h) Conv  
(%)
g,h
 
Selectivity (%)
g,i
 
FFA THFA MF 
 
1 7
a
 FFR NMP  51 180  12 >90 100  -  -  
2 8
a 
 FFR NMP 51 180  12  >90  100 - -  
3 9
a
 FFR NMP 51 180  13  >90   100  -  -  
4 10
a 
 FFR NMP  51 180  12  >90   100  -  -  
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1.0 mol % catalyst; 
f
10 mL solvent. 
g
Average of ≥3 experiments. 
h
Determined by GC analysis using n-octane as internal standard. 
i
Product selectivity = (mol product formed/mol substrate consumed) × 100. 
 
down the heterolytic activation of the bound dihydrogen molecule.  In catalyst 2-5 the 
hydrogenation of furfural can proceed through both ionic (Scheme 1.3) and semi-ionic 
(Scheme 1.4) mechanism discussed in chapter 1. However, due to the presence of the 
phosphine group, the semi-ionic mechanism is not possible with catalysts 7-10. If the 
catalysts 7-10 work by semi-ionic mechanism then phosphine has to dissociate first, in 
which case the catalysts behave the same as diaqua catalyst 2-5, in which case the 
reactivity of the catalyst 2-5 and 7-10 has to be same. The observation that the reactivity 
is not the same with these two types of catalyst suggests that the semi-ionic mechanism 
(Scheme 3.1) is less likely to operate with catalysts 7-10. This may be another reason 
why the reaction is slow with the catalysts 7-10. Because, in the semi-ionic mechanism 
the C-O bond hydrogenation takes place by substrate binding to the metal center. The fact 
that 7-10 cannot perform by semi-ionic mechanism suggests that the probability of 
substrate being next to the catalyst all the time is less.  
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Scheme 3.1. Semi-ionic pathway for FFR hydrogenation using catalyst 2-5 
 
3.3.2.2. Phosphine binding studies by 
31
P NMR 
 Since we are proposing that the furfural (FFR) hydrogenation using catalysts 7-10 
proceeds through an ionic hydrogenation mechanism (Scheme 1.3), and not by semi-ionic 
mechanism (Scheme 3.1), we wanted to test for presence of free phosphine in the 
hydrogenation solution. If the reaction is proceeding through the semi-ionic mechanism, 
then phosphine has to dissociate first, in which case there will be a free phosphine at the 
end of the reaction. In order to test this we recorded the 
31
P NMR for the reaction solution 
in CD3CN, before starting the catalysis and also at the end of catalysis. The data suggests 
that the phosphine ligand is still binding to the ruthenium metal center at the end of the 
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reaction. For example, the 
31
P NMR of a solution containing FFR (Table 3.2, entry 1) and 
catalyst cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7) in NMP showed a peak at δ 45.4 
ppm before starting the hydrogenation reaction. When we recorded the 
31
P NMR of the 
above solution after conducting a hydrogenation reaction at 180 °C/51 atm H2 pressure 
for 12 h, we observed the 
31
P NMR peak at δ 43.2 ppm. The 
31
P NMR of a free 
phosphine P(C6H4F)3 in CD3CN shows a peak at δ -6.50 ppm. There was no free 
phosphine observed in hydrogenation reaction solution. Considering that 
31
P has a natural 
abundance of 100%, if there is a free phosphine then it will definately show up in NMR. 
The above data suggests that phosphine is still binding to the ruthenium center. The slight 
difference in the chemical shift may be because at the end of the reaction, in catalyst cis-
[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 other species (such as solvent, products etc.,) 
may be binding to the metal center, displacing the H2O ligand, which might have caused   
Table 3.2. 
31
P NMR of FFR hydrogenation reaction solution 
Entry Catalyst 
31
P NMR  (before) 
31
P NMR (after) 
1 7 45.4 ppm 43.2 ppm 
2 8 45.8 ppm 43.7 ppm 
3 9 44.1 ppm 42.6 ppm 
4 10 46.2 ppm 44.4 ppm 
 
the small shift in the 
31
P NMR. We repeated the above reaction with catalyst 7, by adding 
1.2 equivalents of free phosphine P(C6H4F)3, but there was no change in product 
distribution or conversion rates. Similarly, 
31
P NMR of the hydrogenation reaction 
mixture of catalysts 8-10 (Table 3.2, entries 2-4) also showed a peak between δ 42 to 45 
ppm, and there was ~2 ppm change in the chemical shift after hydrogenation reaction. 
The above results suggest that at the end of the each hydrogenation reaction the 
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phosphine group is still binding to the ruthenium metal center. Therefore, the catalysts 7-
10 are not working by a semi-ionic mechanism, and the hydrogenation is likely to go via 
ionic hydrogenation mechanism as depicted below.  
 
 
Scheme 3.2. Mechanism of FFR hydrogenation using catalyst 7-10 
 
 The ionic-hydrogenation mechanism for hydrogenation of FFR using catalyst 7-
10 is depicted in Scheme 3.2. The dihydrogen coordinate to the metal center by 
displacing the labile water ligand. The acidic ruthenium metal center will activate the 
dihydrogen heterolytically, protonating the carbonyl group on the furfural (FFR). In the 
next step, the ruthenium hydride will attack the methylene carbon atom on the protonated 
114 
 
furfural, giving furfuryl alcohol (FFA), and through the hydrogen binding to the vacant 
site of the ruthenium metal center, the catalyst will be regenerated.  
3.3.2.3. Hydrogenolysis of furfuryl alcohol (FFA) 
 One of the main reasons for synthesizing ruthenium phosphine catalyst 7-10 is to 
test them for C-O bond hydrogenolysis of FFA, and C-O bond 
hydrogenation/hydrogenolysis of HMF. After demonstrating the ability of these catalysts 
to convert FFR to FFA, we wanted to see whether these catalysts were active towards C-
O bond hydrogenolysis of FFA to give 2-methylfuran (MF). As shown in Table 3.3  
 
 
Figure 3.13. Hydrogenolysis of FFA using catalyst 7-10 
 (Entries 1-4), the compounds 7-10 showed less activity towards C-O bond 
hydrogenolysis of FFA. For example, the reaction of FFA in the presence of 1 mol % of 
catalyst 10 at 200 °C/51 atm H2 pressure for 24 h resulted in only ~2% conversion of 
FFA (Figure 3.13). The fact that we can convert FFR to FFA at 180 °C/51 atm H2 
pressure in ~12 h, suggest that ruthenium dihydrogen is acidic enough to activate the 
dihydrogen heterolytically, and the ruthenium hydride is hydridic enough to attack the 
protonated carbonyl group. The possible reason for this behavior may be once furfuryl 
alcohol (FFA) is protonated, that species will be highly acidic (I) (pKa of the protonated 
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Table 3.3. Ru(II) bis(diimine)(PR3)(H2O) catalyzed hydrogenolysis of FFA 
Entry Cat. Substrate Solvent
f
 P (psi) T (°C) t (h) Conv  
(%)
g,h
 
Selectivity (%)
g,i
 
 THFA MF 
1 7
a
 FFA NMP  51 180  12   0  -  -  
2 8
a 
 FFA NMP 51 180  12  ~1   - trace  
3 9 FFA NMP 51 180  12  ~1    -  trace  
4 10
a 
 FFA NMP  51 200  24  ~2    -  trace  
 
1.0 mol % catalyst; 
f
10 ml solvent. 
g
Average of ≥3 experiments. 
h
Determined by GC analysis using n-octane as internal standard. 
i
Product selectivity = (mol product formed/mol substrate consumed) × 100. 
 
alcohols are around -3)  (Scheme 3.3)
5
. Therefore, if we have highly acidic protonated 
species, ruthenium hydride (II) has to be highly hydridic to nucleophilically attack the  
 
Scheme 3.3. Mechanism of FFA hydrogenolysis using catalyst 7-10 
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methylene carbon. Since the solvent NMP is weakly basic, it may accept the proton from 
the highly acidic protonated furfuryl alcohol (note that only 1 mol% catalyst is present in 
10 mL solvent).  Therefore, if the ruthenium hydride is not very hydridic, the 
hydrogenolysis of FFA will be very slow. The data from the Table 3.3 suggests that 
ruthenium hydride in 7-10 is not hydridic enough to attack the methylene carbon. Based 
on this observation, we think the next logical thing to do is covert the hydroxyl group into 
a better leaving group, so that we can achieve the C-O bond hydrogenolysis of FFA. 
3.3.2.4. Lewis acid-assisted hydrogenolysis of C-O bonds 
 The Lewis acids such as Bi2O3, BiOTf, and bismuth halides were tested for C-O 
bond hydrogenolysis of furfuryl alcohol (FFA) in NMP, and we observed that among 
these Lewis acids only bismuth halides were active. For example, the 12 h reaction of  
FFA in NMP using 1 mol% of catalyst  cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7), 
and 15 mol% of bismuth oxide, at 180 °C/51 atm H2 pressure, showed no FFA 
conversion. Under similar conditions, the reaction of FFA with 15 mol% bismuth triflate 
ended up with lot of black precipitate. This may be due to triflic acid catalyzed 
polymerization of FFA
156
 which is formed by the hydrolysis of bismuth triflate.
157 
 There are several examples which demonstrate the conversion of alcohols to 
halides using mild Lewis acidic catalysts such as bismuth halides (Figure 3.14)
158,159
.
 
For 
example, refluxing 1-phenylethanol with one equivalents of bismuth chloride in carbon 
tetrachloride for 5 min, Boyer and coworkers were able to achieve 100% yield of 1-
chloro-1-phenylethane. Similarly, under the same reaction conditions the chlorination of 
benzyl alcohol proceeds to 100% completion giving benzyl chloride.
158
 This suggests that 
bismuth halides are efficient reagents to convert alcohols into their respective halides. 
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  Figure 3.14. Conversion of alcohols to halides using Bismuth halide 
Since good potential has been already demonstrated by bismuth halides for the 
halogenations of alcohols, we decided to use them for hydrogenation/hydrogenolysis of 
FFA. The proposed mechanism for bismuth halide assisted C-O bond hydrogenolysis of 
furfuryl alcohol (FFA) into 2-methylfuran (MF) is shown in Scheme 3.4. The mechanism 
involves the conversion of furfuryl alcohol into furfuryl halide using Lewis acidic 
bismuth halides BiX3 (BiX3; X= Cl, Br, I). The nucleophilic attack of the ruthenium 
hydride on the methylene carbon followed by elimination of hydrogen halide gives rise to 
MF, and the catalyst will be regenerated. Initially we made an attempt to use different 
bismuth halides such as bismuth chloride, and bismuth iodide for the hydrogenolysis of 
FFA under the similar condition used for bismuth bromide. Both bismuth bromide and 
bismuth iodide gave almost the same conversion and selectivity, whereas bismuth 
chloride showed less activity for C-O bond hydrogenolysis of FFA. The one possible 
reason for this behavior may be because Cl
-
 is not a good leaving group, whereas I
-
, Br
- 
are good leaving groups. 
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Scheme 3.4. Possible mechanism for BIX3 assisted FFA hydrogenolysis using catalyst 7-
10 
 The results for bismuth assisted C-O bond hydrogenolysis of FFA in NMP are 
shown in Table 3.4. The results shows that the compounds 7-10 are active (Table 3.4, 
entries 1-4), hydrogenolysis catalyst in presence of Lewis acid such as bismuth bromide 
in NMP giving 30-53% MF yield for ~90-96% conversion of FFA. For example, the 
hydrogenation of FFA in presence of 1 mol% catalyst 8 and 20 mol% BiBr3 proceeded at 
180 °C/51 atm H2 pressure for 12 h to furnish MF in 30% yield, and ~30% 11 (dimer) for 
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Figure 3.15. Hydrogenolysis products of FFA using catalyst 7-10 /BiBr3 
95% FFA conversion (Table 3.4, entry 2). The products formed will account for nearly 
all FFA converted. Because to form 1,2-di(furan-2-yl)ethane (11) it takes two moles of 
FFA. Therefore, if we are seeing 30% of 11, and 30% MF, we can account for 90% of 
FFA (Figure 3.15). This suggests that our catalyst 7 is active and highly selective for two 
products. We tested the hydrogenolysis reactions of FFA with different concentration of 
BiBr3, but the results shows that 20 mol% bismuth halide is giving good MF yield 
compared to 15 mol%, and 33 mol% of bismuth halide, which means that bismuth halide 
is catalytic in these reactions. For example, the reaction of FFA in NMP with 1 mol % 
catalyst 8 and 33 mol% bismuth bromide produced 29% MF yield in 12 h, and we 
noticed that higher bismuth concentration promote the yield of 11 (dimer). 
 The catalyst 9 was more active towards C-O bond hydrogenolysis of FFA 
compared to catalysts 7, 8, and 10. For example, FFA hydrogenolysis proceeded in the 
presence of catalyst 9 (1 mol%) and BiBr3 (20 mol%) at 180 °C/51 atm H2 pressure for 
12 h to give 53% MF yield and ~21% 11 (dimer) for ~96% conversion of FFA (Table 
3.4, entry 3). Under similar conditions, catalyst 7 (Table 3.4, entry 1) and 10 (Table 3, 
entry 4) had almost similar conversion rate (~96%) giving ~38% MF yield and ~27% 
dimer. The increased activity of catalysts 9 may be due to the increased electrophilicity 
about the metal center due to the presence of an electron withdrawing chlorine group on 
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the bipyridine ligand. The fact that in all hydrogenolysis reaction we can account for 
complete furfuryl alcohol (FFA) conversion, and the fact that the catalysts are highly 
selective for two products, suggests that the catalysts 7-10 are active catalysts. All the 
hydrogenolysis reaction results that we have reported are highly reproducible, and they 
are the average of at least three experiments. These results are comparable to vapor phase 
hydrogenation of furfural reported by Li and coworkers.
83
 They reported that over 
catalyst C1 (C1:Cu/Zn/Al/Ca/Na = 59:33:6:1:1, atomic ratio) the maximum selectivity of 
87% for MF was obtained at 250 °C and C2 (C2:Cu/Cr/Ni/Zn/Fe = 43:45:8:3:1, atomic 
ratio) showed 67% selectivity for MF at 200 °C for almost complete conversion. There 
are not many catalysts that can convert furfural (FFR) or furfuryl alcohol into MF. 
Particularly, not many homogeneous hydrogenation catalysts have been reported for C-O 
bond hydrogenolysis of FFA. The ruthenium-based homogeneous metal catalysts have 
been reported for the hydrogenation of FFR to FFA, but they were not particularly good 
for C-O bond hydrogenolysis of FFA. For example, the homogeneous hydrogenation 
catalysts [RuCl2(p-cymene)]2,
88
 RuCl2(PPh3)3,
89
 and Ru(TMHD)3,
90
 were active catalysts 
for hydrogenation of FFR giving 86 to 93% yield for FFA, but no MF was observed.  
 Even though the catalyst 7-10 gave good conversion of FFA in presence of BiBr3, 
there was formation of a side product 11 (dimer) 1,2-di(furan-2-yl)ethane (Figure 3.15). 
We isolated the 1,2-di(furan-2-yl) ethane from the reaction mixture and analyzed the 
sample  by high resolution GC-MS and also by 
1
H NMR. The 2-di(furan-2-yl) ethane is a 
known compound and our experimental data matches well with their reported analytical 
data.
160
 In order to obtain more understanding about the mechanism of formation of 11 
(dimer), we conducted hydrogenolysis reactions of FFA under various conditions. The  
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Table 3.4. Ru(II) bis(diimine)(PR3)(H2O)/BiBr3 catalyzed hydrogenolysis of FFA 
Entry Cat. Substrate Solvent
f
 P (psi) T (°C) t (h) Conv  
(%)
g,h
 
Selectivity (%)
g,i
 
 MF Dimer  
1 7
 a
 FFA NMP  51 180  12 95  37  ≥27  
2 8
a 
 FFA NMP 51 180  12  90   30 ≥30  
3 9
a
 FFA NMP 51 180  12  96    53  ≥21  
4 10
a 
 FFA NMP  51 180  12  96    38  ≥27  
 
 
a
1.0 mol % Ru-catalyst, 20 mol% BiBr3; 
f
10 ml solvent. 
g
Average of ≥3 experiments. 
h
Determined by GC analysis using n-octane as internal standard. 
i
Product selectivity = (mol product formed/mol substrate consumed) × 100. 
 
reaction of FFA in NMP using 1 mol% ruthenium catalyst (7-10) at 180 °C/51 atm H2 
pressure for 12 h showed very little conversion (less than 2%), producing trace amount of 
MF (Figure 3.16, reaction (1)). This suggests that formation of 11 (dimer) will not occur 
in absence of bismuth halides. The reaction of 1 mol% FFA using ruthenium catalyst and 
20 mol% BiX3 at 180 °C/51 atm H2 pressure for 12 h is giving 30-33% MF yield and 
~21-30% 11 (dimer) for almost complete conversion of FFA (Figure 3.16, reaction (2)). 
The hydrogenation reaction done under similar conditions without ruthenium catalyst 
showed ~25% conversion of FFA giving trace amount of MF and ~10% 11 (1,2-Bis( 2-
fury1)ethane) (Figure 3.16, reaction (3)). The reaction of FFA in NMP using bismuth 
halide at 180 °C in the absence of ruthenium catalyst and dihydrogen showed no reaction 
(Figure 3.16, reaction (4)). The results of reaction 2, 3, and 4 suggest that the 11(dimer) is 
formed only in the presence of both bismuth halide and dihydrogen, ruthenium catalyst is 
not necessary for the 11 (dimer) formation (but it may activate the dimer formation in the 
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presence of bismuth halide and hydrogen). If we can minimize the formation of 11 
(dimer) then the selectivity for MF can be increased as these are the only two products 
formed under our reaction conditions.  
 
 
Figure 3.16. Experimental conditions for 1,2-di(furan-2-yl)ethane (dimer) 11 formation 
 Based on the above observation we think the one possible mechanism for the 
formation of a dimer (2-di(furan-2-yl) ethane) is as shown in Scheme 3.5. The 
mechanism involves the reduction of bismuth(III) bromide into bismuth(I) bromide using 
dihydrogen as a reducing agent. Bismuth will then get oxidized in the presence of 
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furfuryl bromide, forming bismuth furfuryl bromide, which then undergo radical 
dimerization to form 2-di(furan-2-yl) ethane, and the bismuth bromide will be 
regenerated. 
163, 169
 
 
Where R= furfuryl group 
Scheme 3.5. Possible mechanism for dimer formation using BiBr3 and H2 
3.3.2.5. Hydrogenation/hydrogenolysis activity studies of HMF 
 The conversion of 5-hydroxymethylfurfural (HMF) into 2,5-dimethylfuran (2,5-
DMF) involves C-O bond hydrogenolysis of the alcohol group and the C-O bond 
hydrogenation/hydrogenolysis of aldehyde group. Therefore, there are two reactive sites 
involved in HMF. The hydrogenation of 5-hydroxymethylfurfural (HMF) in NMP using 
2 mol% catalyst 7-10 at 180 °C/51 atm H2 pressure ~24 h showed little conversion of 
HMF. Even after 24 h reaction time there was only trace amount of 2,5-DMF and 5-
methylfurfural had formed (Figure 3.17). The slow reactivity of HMF may be due to the 
same reason that we discussed in section 3.3.2.1. 
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Figure 3.17. Hydrogenation HMF using catalysts 7-10 
3.3.2.6. Lewis acid-assisted hydrogenolysis of C-O bonds in HMF 
 In order to increase the conversion rate, the reaction was performed by adding 
Lewis acidic bismuth bromide, and the results are discussed below. As shown in Table 
3.5 (entries 1– 4), compounds 7-10 are all active catalysts in the presence of bismuth  
Table 3.5. Ru(II) bis(diimine)(PR3)(H2O) catalyzed hydrogenation of  HMF 
Entry Cat. Substrate Solvent
f
 P 
(psi) 
T 
(°C) 
t 
(h) 
Conv  
(%)
g,h
 
Selectivity (%)
g,i
 
2,5-
DMF 
MF MeFFR 
1 7
 a
 HMF NMP   51 180  48 100     65  12 trace  
2 8
a 
 HMF NMP  51 180  48 100     65 12 trace  
3 9
a
 HMF NMP  51 180  48 100     71  12  trace  
4 10
a 
 HMF NMP   51 180  48 100     72 11  trace  
 
2.0 mol % catalyst; 
f
10 mL solvent. 
g
Average of ≥3 experiments. 
h
Determined by GC analysis using n-octane as internal standard. 
i
Product selectivity = (mol product formed/mol substrate consumed) × 100. 
 
bromide, for the hydrogenation/hydrogenolysis of HMF in NMP, exhibiting essentially 
100% conversion of HMF with a very good selectivity for 2,5-DMF (65 to 73%). Even in 
these reactions, bismuth bromide is catalytic, if it is not catalytic then using 20 mol% 
bismuth bromide the maximum amount of 2,5-DMF obtained will be 30%. But the fact 
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that we are forming up to 72% 2,5-DMF, suggests that bismuth bromide is catalytic in 
these reactions. The possible mechanism involving the bismuth bromide regeneration 
during HMF hydrogenation is shown in Scheme 3.6.  The proposed mechanism involves 
the conversion of HMF into 5-bromomethylfurfural and dibromo(hydroxy)bismuthine in 
the presence of bismuth bromide. The dibromo(hydroxy)bismuthine will brominate 
another molecule of alcohol forming corresponding bromide compound and 
bromodihydroxybismuthine. The OH group of another alcohol molecule will be 
brominated by bromodihydroxybismuthine forming trihydroxybismuthine. In presence of 
hydrogen bromide (which will be generated during the hydrogenation of HMF; Scheme 
3.4) the trihydroxybismuthine will be converted into bismuth bromide
167
 and the cycle 
continues.  
 
 
      ROH = HMF or 5-methylfurfuryl alcohol 
Scheme 3.6. Possible mechanism for regeneration of BiBr3 during HMF hydrogenation 
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 The hydrogenation results of HMF using catalysts 7-10 are comparable with 
liquid phase hydrogenolysis of HMF using copper-chromium catalysts. For example, 
hydrogenolysis of HMF in 1-butanol using CuCrO4 catalyst at 220 °C gave 2,5-DMF in 
61% yield and 2-methyl-5-hydroxymethylfuran in 29% yield.
19
 The 2,5-DMF yield that 
we obtained using catalyst 7-10 is higher than what obtained from copper chromium 
catalysts. For example, the hydrogenation of HMF in the presence of 2 mol% catalyst 7 
proceeded at 180 °C/51 atm H2 pressure for 48 h  to furnish a mixture of a products 
(Table 3.5, entry 1 and 2), which includes 2,5-DMF and MF in 65% and 12% yield for 
complete conversion of HMF (Figure 3.18).  Under the above conditions the catalyst 8 
also gave 65% of 2,5-DMF and 12% of MF yield. In all the hydrogenation reactions that 
we performed using catalyst 7-10, we can account for almost complete conversion of 
HMF, and all three products we obtained were industrially valuable.  
 Raines and coworkers obtained 49% 2,5-DMF in 1-butanol using Cu-Ru/C as a 
catalyst.
20 
Dumesic and coworkers have reported 71% 2,5-DMF, 4% MF, and 12% of 
other intermediates formation in 1-butanol at 220 °C using 3:1 Cu-Ru/C catalyst.
19
 Using 
homogeneous ruthenium catalysts 7-10 we were able to achieve the similar yield of 2,5-
DMF (65-72%), and little higher MF yield (10-12%) than what they obtained. Also, the  
 
 
Figure 3.18. Hydrogenation product of HMF using Ru/BiBr3 catalysts 
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temperature (180 °C) what we are using is much lower than Dumesic and coworkers have 
reported (220 °C). For example, the catalyst 9 and 10 at 180 °C/51 atm H2 pressure 
(Table 3.5, entries 3 and 4) gave nearly complete conversion of HMF producing 71-72% 
of 2,5-DMF and 11-12% of MF, along with small amount of 5-methylfurfural (MeFFR). 
The formation of a 5-methylfurfural in the reaction mixture indicates that the reaction 
may proceed through the 5-methylfurfural (MeFFR) intermediate.  
 
 
Scheme 3.7. Possible potential intermediates of HMF hydrogenation  
 There are two possible potential intermediates for the hydrogenation of HMF into 
2,5-DMF, which includes 5-methylfurfural and 2,5-dihydroxymethylfuran (Scheme 3.7). 
One route involves hydrogenating the carbonyl group of the HMF forming 2,5-
dihydroxymethylfuran which upon hydrogenolysis of C-O bond forms 2,5-DMF. Second 
route involves C-O bond hydrogenolysis of HMF first forming 5-methylfurfural 
(MeFFR), and the C=O group will be then hydrogenated to form 5-methylfurfuryl 
alcohol (MeFFA), which upon C-O bond hydrogenolysis gives rise to 2,5-DMF. But in 
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none of the HMF hydrogenation reactions we observed 2,5-furandimethanol as an 
intermediate, and in almost all the hydrogenation reactions we observed 5-methylfurfural 
intermediate. Based on this observation we think use of MeFFR as a substrate will show 
the potential of MeFFR as an intermediate in HMF hydrogenation.  
 Since 5-methylfurfural was seen in all hydrogenation reactions of 5-
hydroxymethylfurfural (HMF), we wanted to check whether 5-methylfurfural has a 
potential to give the same hydrogenation products with the same selectivity as that of 
HMF reactions. In order to test this we performed hydrogenation reaction using 5-
methylfurfural (MeFFR) as a substrate under similar conditions as that of HMF reactions. 
For example, the hydrogenation of 5-methylfurfural in NMP at 180 °C/51 atm H2 
pressure in 28 h using 2 mol% catalyst 10 and 20 mol% BiBr3 gave nearly complete 
conversion of MeFFR producing 77% and 14% of 2,5-DMF and MF (Figure 3.19). The 
catalytic results of HMF under the similar conditions with catalyst 10 also gave 72% of 
2,5-DMF and 11% of MF yield (Table 3.5, entry 4). The hydrogenation results obtained 
under the similar conditions by using both HMF and MeFFR as a substrate are 
comparable. These results suggest that MeFFR is likely an intermediate in HMF 
hydrogenation.  
 
 
Figure 3.19. Hydrogenation of methylfurfural using catalyst 10 
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 Based on this observation we think the possible mechanism for HMF 
hydrogenation into 5-methylfurfural (MeFFR) involves the conversion of HMF into 5-
bromomethylfurfural using bismuth bromide. The hydride attack on the methylene 
carbon will gives rise to 5-methylfurfural (Scheme 3.8). Bell and Chidambaram have also 
proposed that the HMF hydrogenation proceeds through the MeFFR intermediate.
92 
In 
order to test this, they conducted experiments by using MeFFR as a starting material, and 
their results demonstrated that MeFFR is reactive towards 2,5-DMF formation. 
 
Scheme 3.8. Possible mechanism for conversion of HMF into MeFFR  
 The possible mechanism for the conversion of 5-methylfurfural (MeFFR) into 
2,5-dimethylfuran (2,5-DMF) is depicted in Scheme 3.9. The mechanism involves the 
protonation of C=O bond of MeFFR followed by the hydride attack on the carbonyl 
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carbon giving 5-methylfurfuryl alcohol. In presence of bismuth bromide, 5-
methylfurfuryl alcohol will be converted into 5-methylfurfuryl bromide. The ruthenium 
hydride will then attack the methylene carbon forming 2,5-DMF. 
 
Scheme 3.9. Possible mechanism for MeFFR  hydrogenation to 2,5-DMF  
 As we can see from Table 3.5, in all the hydrogenation/hydrogenolysis reactions 
of HMF with catalyst 7-10/BiBr3, there was around 10-12% of 2-methylfuran (MF) had 
formed, which can be obtained from the decarbonylation of the substrate. The fact that 
we did not observe any decarbonylation products (such as furfuryl alcohol, 2-
methylfuran) during HMF hydrogenation with catalysts 7-10 before adding bismuth 
bromide, suggests that decarbonylation has likely occurred after the formation of the 5-
bromomethylfurfural or 5-methylfurfural (MeFFR) intermediates.  
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Scheme 3.10. Mechansim of formation of 2-methylfuran (MF) using catalyst 7-10 
 The possible mechanism for the formation of 2-methylfuran (MF) is depicted in 
Scheme 3.10. The mechanism involves the coordination of the substrate to the metal 
center through the carbonyl oxygen atom to form the intermediate I. The elimination of 
phosphine takes places. Then oxidative addition of the aldehyde C-H bond to ruthenium 
occurs, followed by a retromigratory insertion to form eighteen electron seven 
coordinated species (III). Seven coordinate ruthenium systems are known, and also the 
bite angle bipyridine [ N(1)-Ru-N(2) = ~79°] in catalyst 7-10 is around 79°, which means 
bipyridine has lots of space around it, and the fact that hydride is a small ligand, the 
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seven coordinate systems seems reasonable.
161
 The intermediate III then loses 2-
methylfuran (MF) by reductive elimination, the vacant site will be occupied by 
phosphine, and through CO elimination the catalyst will be reganerated, and the cycle 
continues. Since we are proposing that phosphine is coming off during the formation of 
MF, this suggests that small amount of catalyst is decomposing during the reaction. At 
this stage we do not have any experimental evidence which supports the phosphine lose. 
However, we know by 
31
P NMR that the phosphine is still binding to the ruthenium 
center after hydrogenation reaction (section 3.3.2.2). 
3.4. Conclusions 
Ruthenium(II) bis(diimine) (Phosphine) complexes cis-
[Ru(bpy)2(PR3)(OH2)](CF3SO3)2 (7, bpy = 2,2’-bipyridine, PR3 = P(C6H4F)3; 8, bpy = 
2,2-bipyridine, PR3= PPh3; 9, bpy = 4,4’-dichloro-2,2’-bipyridine, PR3= PPh3; 10, bpy = 
4,4’-dimethyl-2,2’-bipyridine, PR3= P(C6H4F)3) in presence of bismuth halides, are active 
and highly selective catalysts for the hydrogenation and hydrogenolysis of furfural (FFR) 
into furfuryl alcohol (FFA), FFA into 2-methylfuran (MF) and 5-hydroxymethylfuran 
(HMF) into 2,5-dimethylfuran (2,5-DMF) under modest reaction conditions. Perhaps due 
to a combination of increased steric hindrance, and decreased electrophilicty about the 
metal centers, catalysts 7-10 are less active for FFR hydrogenation into FFA than 
ruthenium(II) bis(diimine) complexes cis-[Ru(6,6′-Cl2bpy)2(OH2)2](Z)2 (Z=CF3SO3 2, 
BArF 3) and cis-[Ru(4,4′-Cl2bpy)2(OH2)2](Z)2 (Z = CF3SO3 4, BArF 5). The combination 
of a Lewis acidic bismuth halides and ruthenium catalysts 7-10, increased the C-O bond 
hydrogenolysis of FFA giving good conversion rate and up to 53% MF yield.  The 
complex 7-10, in presence of bismuth halide are very active catalyst for the 
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hydrogenation and hydrogenolysis of HMF giving almost complete conversion of HMF 
and up to 73% yield of 2,5-DMF, and 12% of MF. In all the 
hydrogenation/hydrogenolysis reactions with catalysts 7-10, we can account for complete 
conversion of the substrate, and all these results are highly reproducible. The 
hydrogenation of 5-methylfurfural (MeFFR) also gave high conversion and up to 77% 
yield of 2,5-DMF, suggesting that the formation of 2,5-DMF is likely go via 5-
methylfurfural intermediate. The 
31
P NMR recorded for hydrogenation reaction solutions 
suggest that the phosphine is still binding to the ruthenium center at the end of the 
reaction.  
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Chapter 4: Preparation and properties of monocationic ruthenium(II) hydride 
complexes 
4.1. General considerations 
 Given that we aim to develop ruthenium catalysts for selective hydrogenation 
and/or deoxygenation of furan derivatives which operate by a sequential proton/hydride 
transfer pathway (Chapter 1, Scheme 4), complexes of types cis-
[Ru(bpy)2(H2O)(P(C6H4F)3](CF3SO3)2 (7), cis-[Ru(bpy)2(H2O)(PPh3)](CF3SO3)2 (8), cis-
[Ru(4,4′-Me2bpy)2(H2O)(P(C6H4F)3)](CF3SO3)2 (9), and cis-[Ru(4,4′-
Cl2bpy)2(H2O)(PPh3)](CF3SO3)2 (10) must be able to activate H2(g) in heterolytic fashion 
to generate a metal hydride and proton in order to be able to serve as efficient 
precatalysts. This essentially means that 7-10 must be able to react with H2(g) to form 
dicationic η
2
-dihydrogen (η
2
- H2) species that are strongly acidic, such that they are 
capable of protonating carbonyl, alcohol, and/or solvent molecules. Moreover, the 
resulting monocationic hydrides must possess strong hydridic character and be capable of 
facile hydride transfer to electrophilic carbon centers.
35
 
  Transition metal hydrides are the key intermediate in homogeneous 
hydrogenation reactions.
35.36
 In catalytic hydrogenation and hydrogenolysis of C-O 
bonds, the acidity of the hydrogen molecule, and the hydricity of the metal hydride 
generated are very important parameters. The reactivity of the metal hydrides depends on 
the properties of a metal and the nature of the ligands binding to the metal center. We can 
tune the hydricity of the metal hydride by tuning both the metal center and the ligand.
114
 
Since we are proposing that ruthenium hydride is a key intermediate in the hydrogenation 
of 5-hydroxymethylfurfural (HMF), furfural (FFR) and furfuryl alcohol (FFA), we plan 
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to explore and develop the potential of the ligand combinations represented in 7-10 to 
support the formation of monocationic hydrides of types 12-14. Herein we demonstrate 
that ruthenium hydrides of the general formula cis-[Ru(bpy)2(PR3)(H)](CF3SO3) (12, bpy 
= 2,2’-bipyridine, PR3 = P(C6H4F)3; 13, bpy = 2,2-bipyridine, PR3= PPh3; 14, bpy = 4,4’-
dimethyl-2,2’-bipyridine, PR3= P(C6H4F)3), are effective homogeneous catalysts for the 
chemoselective hydrogenation of 5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran 
(2,5-DMF). In order to test the activity of ruthenium hydride intermediates, we 
synthesized series of ruthenium hydride complexes and used them for hydrogenation 
reactions of HMF to see whether the metal hydrides are competent catalysts for HMF 
conversion into 2,5-DMF. 
 The ruthenium complexes that we studied in chapter 2 (catalysts 2-5) and 3 
(catalyst 7-10) are dicationic complexes, and highly ionic, which makes them more 
soluble in polar solvents. These complexes are mostly soluble in alcohols, acetone, 
methylene dichloride, acetonitrile, DMSO, and NMP and insoluble in less polar solvents, 
this will limit the type of solvents that can be used to carry out the hydrogenation 
reactions. We were able to achieve the hydrogenation of FFR to FFA in ethanol at 
temperature below 130 °C, increasing the reaction temperature led to the formation of 
acetals (formed by the reaction between the substrate and solvent) and ethers at or above 
130 °C. The hydrogenation reactions using solvents such as NMP, sulfolane as solvent at 
a temperature below 130 °C were very slow; when we increased the reaction temperature 
we noticed that the catalysts 2-5 were decomposing above 130 °C.  This suggests that we 
need more thermally stable catalysts to achieve hydrogenolysis of FFR, FFA, and HMF. 
The catalyst not only has to be thermally stable, but it also has to be electrophilic enough 
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to heterolytically activate the dihydrogen, and the hydride has to be hydridic enough to 
act as a nucleophile. In order to achieve this, we synthesized a series of dicationic 
ruthenium(II) complexes cis-[Ru(bpy)2(PR3)(OH2)](CF3SO3)2 (7-10, discussed in chapter 
3), which are more thermally stable than diaqua catalysts (2-5). At the same time these 
catalysts were highly active towards hydrogenolysis of FFA and HMF in N-methyl-2-
pyrrolidone (NMP) at 180 °C.  
 As mentioned before, the hydrogenation and hydrogenolysis of furfuryl alcohol 
(FFA) and 5-hydroxymethylfurfural (HMF) in less polar solvents such as toluene, ether, 
was not successful, which may be due to the insolubility of ruthenium dicationic 
complexes in these solvents. Since the catalysts were highly ionic, the reaction needed a 
polar and high boiling solvent to carry out these reactions. Hence we decided to 
synthesize a series of monocationic ruthenium complexes of comparable electronic and 
steric properties as that cis-[Ru(bpy)2(PR3)(OH2)](CF3SO3)2 (7-10) complexes. The 
monocationic complexes will be less ionic compared to ruthenium dicationic complexes, 
which could make them soluble in less polar solvents; thereby providing an opportunity 
to use a variety of solvents to test the hydrogenation/hydrogenolysis chemistry. 
Therefore, by synthesizing monocationic ruthenium complexes of the type 
[Ru(bpy)2(PR3)(H)](CF3SO3), we can use them for hydrogenation in less polar solvents, 
and at the same time we can explore the activity of these hydride catalysts towards C-O 
bond hydrogenation and hydrogenolysis.  
4.2. Experimental section 
All experiments were performed under dry nitrogen atmosphere using standard 
Schlenk techniques (unless stated otherwise). All solvents were dried and distilled by 
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standard methods
135
 prior to use and stored in a glovebox over 4A molecular sieves that 
had been dried in a vacuum oven at 150°C for at least 48 h. Unless otherwise stated, all 
reagents were purchased from Sigma-Aldrich Chemical Co. and used as received. 
RuCl3.3H2O was purchased from Pressure Chemical Co. and hydrogen gas (99.9% 
purity) was purchased from Scott-Gross Co. The compounds cis- [Ru(4,4′-
Me2bpy)2Cl(P(C6H4F)3)](CF3SO3), cis-[Ru(4,4′-Cl2bpy)2Cl(PPh3)](CF3SO3), cis-
[Ru(bpy)2Cl(P(C6H4F)3](CF3SO3), and cis-[Ru(bpy)2(Cl)(PPh3)](CF3SO3) were prepared 
as discussed in the experimental section of Chapter 3 (section 3.2.1).  
 1
H, 
13
C and 
31
P NMR spectra were recorded on a Varian VXR-400 spectrometer 
at room temperature unless otherwise stated. All chemical shifts are reported in units of δ 
(downfield from tetramethylsilane) and 
1
H and 
13
C chemical shifts were referenced to 
residual solvent peaks. 
31
P NMR chemical shifts were referenced to 85% H3PO4 internal 
standard (taken inside capillary tube). Analyses by gas chromatography (GC) were 
performed on a Shimadzu GC-17A instrument with flame ionization detection (FID), a 60 
m x 0.32 mm (0.25 mm film thickness) Agilent JW Scientific DB-5 GC column, and 
helium as carrier gas. An injection temperature of 140°C was employed, which was 
found to be sufficiently low to avoid the occurrence of secondary reactions in the 
injection port. GC-MS analyses were performed on an Agilent Technologies 6890/5973N 
inert gas GC/mass selective detection system at an ionizing potential of 70 eV. Elemental 
analysis for C, H, and N was performed by Robertson Microlit Laboratories (Ledgewood, 
NJ, USA). 
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4.2.1. Synthesis of cis-[Ru(bpy)2(PR3)(H)](CF3SO3) complexes 
4.2.1.1. Synthesis of cis-[Ru(bpy)2(P(C6H4F)3)(H)](CF3SO3) (12) 
cis-[Ru(bipy)2Cl(P(C6H4F)3)]OTf, (200 mg, 0.219 mmol) was dissolved in 24 mL of 2:1 
refluxing ethanol/water and stirred for 2 min. NaBH4 (225 mg, 5.95 mmol) was added to 
the hot solution and stirred for 20 min. To the wine red color solution 2 mL of aqueous 
NH4OTf (144 mg, 0.862 mmol) is added and stirred for additional 5 min. The solvent was 
removed in vacuo. The wine red color solid was dissolved in ~10 mL of CH2Cl2 and 
filtered to remove the impurities. The filterate was collected and the solvent was removed 
under the vacuum to obtain wine red color solid at the end. Yield = 165 mg, 86%. 
1
H 
NMR (CD3CN): δ 8.52 (d, 1 H, 
3
J = 6.0 Hz, bpy), 8.35-8.30 (m, 3 H,  bpy), 8.22 (d, 1 H, 
3
J = 8.0 Hz, bpy), 8.17 (d, 1 H, 
3
J = 8.0 Hz, bpy), 7.90-7.74 (m, 5 H, bpy), 7.38-7.30 (m, 
7 H, P(C6H4F)3, bpy), 7.24 (dd, 1 H, 
3
J = 6.8 Hz, bpy), 7.19 (dd, 1 H, 
3
J = 6.8 Hz, bpy), 
7.02 (dd, 1 H, 
3
J = 6.0 Hz, bpy), 6.96-6.90 (m, 7 H, P(C6H4F)3, bpy), -12.22 (d, 1 H, J = 
32.4 Hz, P-H). 
13
C NMR (CD3CN): δ 180.7, 165.6, 163.1, 159.0, 158.0, 157.6, 157.1, 
156.7, 156.5, 150.6, 149.2, 137.2, 137.1, 136.6 (m, P(C6H4F)3), 135.4, 135.0, 132.1, 
131.7, 127.7, 127.4, 126.8, 126.6, 124 (m), 116.1 (m, P(C6H4F)3). 
31
P NMR (CD3CN): δ 
66.8 (P(C6H4F)3). Anal. Calcd for C39H29F6N4O3PRuS: C, 53.24; H, 3.32; N, 6.37. 
Found: C, 52.83; H, 3.14; N, 6.81. 
4.2.1.2. Synthesis of cis-[Ru(bpy)2(PPh3)(H)](CF3SO3) (13) 
cis-[Ru(bipy)2Cl(PPh3)]OTf, (100 mg, 0.116 mmol) was dissolved in 12 mL of 2:1  
refluxing ethanol/water and stirred for 2 min. NaBH4 (116 mg, 3.01 mmol) was added to 
the hot solution and stirred for 20 min. To the wine red color solution 2 mL of aqueous 
NH4OTf (72 mg, 0.431 mmol) is added and stirred for additional 5 min. The solvent was 
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removed in vacuo. The wine red color solid was dissolved in ~6 mL of CH2Cl2 and 
filtered to remove the impurities. The filtrate was collected and the solvent was removed 
under the vacuum to obtain wine red color solid at the end. Yield = 86 mg, 90%. 
1
H 
NMR (CD3CN): δ 8.61 (d, 1 H, 
3
J = 6.0 Hz, bpy), 8.36 (d, 1 H, 
3
J = 4.8 Hz, bpy), 8.33 (d, 
1 H, 
3
J = 8.0 Hz, bpy), 8.29 (d, 1 H, 
3
J = 8.0 Hz, bpy), 8.20 (d, 1 H, 
3
J = 8.4 Hz, bpy), 
8.15 (d, 1 H, 
3
J = 8.4 Hz, bpy), 7.87-7.68 (m, 5 H, bpy), 7.39-7.27 (m, 11 H PPh3, bpy), 
7.21-7.16 (m, 7 H, PPh3, bpy), 6.97 (dt, 1 H, 
3
J = 5.6 Hz, 
4
J = 1.2 Hz, bpy), 6.82 (dt, 1 H, 
3
J = 5.2 Hz, 
4
J = 1.2 Hz, bpy), -12.10 (d, 1 H, J = 30.0 Hz, P-H). 
13
C NMR (CD3CN): δ 
180.6, 158.9, 157.9, 157.5, 157.1, 156.7, 156.6, 150.5, 149.1, 137.0, 136.8, 136.0, 135.7, 
134.4(d), 130.2, 129.0(d), 127.5, 127.2, 126.7, 126.2, 124.1, 123.8, 123.6, 123.5(d). 
31
P 
NMR (CD3CN): δ 68.2 (PPh3). Anal. Calcd for (13.H2O) C39H34F3N4O4PRuS: C, 55.51; 
H, 4.06; N, 6.64. Found: C, 55.70; H, 3.78; N, 6.26.  
4.2.1.3. Synthesis of cis-[Ru(4,4’Me-bpy)2(P(C6H4F)3)(H)](CF3SO3) (14) 
cis-[Ru(4,4’Me-bipy)2Cl(P(C6H4F)3)]OTf, (150 mg, 0.155 mmol) was dissolved in 18 
mL of 2:1 refluxing ethanol/water. NaBH4 (165 mg, 4.37 mmol) was added to the hot 
solution and stirred for 20 min. To the wine red color solution 2 mL of aqueous NH4OTf 
(109 mg, 0.652 mmol) is added and stirred for additional 5 min. The solvent was 
removed in vacuo. The wine red color solid was dissolved in ~8 mL of CH2Cl2 and 
filtered to remove the impurities. The filtrate was collected and the solvent was removed 
under the vacuum to obtain wine red color solid at the end. Yield = 132 mg, 91%. 
1
H 
NMR (CD3CN): δ 8.30 (d, 1H, 
3
J = 6.0 Hz, 4,4’-Me2bpy), 8.20 (br s, 1H, 4,4’-Me2bpy), 
8.17 (br s, 1H, 4,4’-Me2bpy), 8.13 (d, 1H, 
3
J = 6.0 Hz, 4,4’-Me2bpy), 8.01 (br s, 1H, 4,4’-
Me2bpy), 8.03 (br s, 1H, 4,4’-Me2bpy), 7.56 (d, 1H, 
3
J = 5.6 Hz, 4,4’-Me2bpy), 7.36-7.31 
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(m, 6H, P(C6H4F)3, 7.23 (dd, 1 H, 
3
J = 6.0 Hz, 
4
J = 2.4 Hz, 4,4’-Me2bpy), 7.06 (d, 1H, 
3
J 
= 5.6 Hz, 4,4’-Me2bpy), 7.00 (d, 1H, 
3
J = 6 Hz, 4,4’-Me2bpy), 6.95-6.91 (m, 6H, 
P(C6H4F)3, 6.83 (d, 1 H, 
3
J = 5.2 Hz, 4,4’-Me2bpy), 6.72 (d, 1H, 
3
J = 5.6 Hz, 4,4’-
Me2bpy), 2.43 (s, 3H, Me2bpy), 2.41 (s, 3H, Me2bpy), 2.39 (s, 3H, Me2bpy), 2.36 (s, 3H, 
Me2bpy), -12.52 (d, 1 H, J = 32.4 Hz, P-H). 
13
C NMR (CD3CN): δ 165.5, 163.0,  158.4, 
157.7, 157.3, 156.5, 156.4, 149.9, 149.2(d), 148.4(d), 147.6, 146.9, 136.7 (m, P(C6H4F)3), 
132.7(d), 132.2(d), 128.4(d), 128.1(d), 127.6, 127.4, 124.9, 124.7(d), 124.6(d), 124.2,  
115.9 (m, P(C6H4F)3), 21.1 (m, Me2bpy). 
31
P NMR (CD3CN): δ 66.8 (P(C6H4F)3). Anal. 
Calcd for (14.H2O) C43H39F6N4O4PRuS: C, 54.14; H, 4.12; N, 5.87. Found: C, 54.18; H, 
4.20; N, 5.64.  
4.2.2. Typical procedure for hydrogenation/hydrogenolysis activity tests 
Hydrogenation/hydrogenolysis activity tests were performed in a 600 mL 
stainless steel Parr reactor. In a typical reaction, solvent (10 mL), n-octane (10 µL, 
internal standard), HMF (0.793 mmol), ruthenium catalyst (2 mol%), bismuth bromide 
(20 mol%), and a stirrer bar were charged into the reactor. After sealing the reactor, the 
air content was purged by flushing thrice with 51 atm hydrogen. The reactor was 
pressurized with hydrogen, immersed in a preheated silicone oil bath, and magnetically 
stirred (reaction conditions are described for each result and the stirring rate was ~450 
rpm). The pressure inside the chamber was maintained at the specified pressure 
throughout the course of the reaction. After the appropriate reaction time, the reactor was 
cooled to room temperature, vented, and the products were analyzed quantitatively by 
GC-FID (and further identified by comparison of GC-MS data with corresponding data 
for authentic samples).   
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4.3. Results and Discussion 
4.3.1. Synthesis and characterization of ruthenium(II) bis(diimine) hydride 
complexes 
 Ruthenium(II) bis(diimine) hydride complexes cis-
[Ru(bpy)2(P(C6H4F)3)(H)](CF3SO3) (12), cis-[Ru(bpy)2(PPh3)(H)](CF3SO3) (13), and cis-
[Ru(4,4′-Me2bpy)2(P(C6H4F)3(H)](CF3SO3) (14) were prepared in excellent yield via 
modification of the method reported by Vos and Kelly for the preparation of cis-
[Ru(bpy)2H(PPh3)]PF6 by a reaction of corresponding ruthenium monochloro complexes 
with excess of NaBH4 in ethanol/water, respectively (Figure 4.1 to 4.3)
164
. The colors of 
the complexes 12-14 is wine red and the overall yields varied from ca. 86 to 91%. 
Compounds 12-14 dissolve well in polar organic solvents, such as ethanol, DMSO, 
acetonitrile, CH2Cl2, acetone and N-methylpyrrolidone (NMP). The complex 12-14 are 
stable once they are isolated, and have a decomposition temperature above 200 °C. It 
should be noted that the complexes 12-14 remain unchanged in the solid state for several 
weeks (at least two weeks) under nitrogen atmosphere.  
 
Figure 4.1. Synthesis of cis-[Ru(bpy)2(P(C6H4F)3)(H)](CF3SO3) (12) 
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  The formulation and structure of compounds 12-14 were established by 
microanalysis and solution (
1
H, 
13
C, and 
31
P) NMR data. Both the 
1
H and 
13
C NMR data 
for 12-14 are consistent with C1 symmetry for the complexes, which confirms a cis 
orientation of the hydride and phosphine ligands. For example, the 
1
H NMR spectrum of 
cis-[Ru(bpy)2(H){P(C6H4F)3}](CF3SO3) (12), displayed five aromatic resonances 
between 8.52 to 7.74 ppm, which corresponds to eleven protons of the 2,2′-bipyridine 
ligands; there was overlapping at 8.35 to 8.30 ppm which integrated as 3 protons, and one 
more overlapping between 7.90 to 7.74 ppm which integrated as a 5 protons. The 
compound displayed a multiplet between 7.38 to 7.30 ppm corresponding to 6 protons of 
P(C6H4F)3 and one protons of 2,2′-bipyridine ring. Three aromatic resonances between 
7.24 to 7.01 ppm was integrated as three protons of 2,2′-bipyridine, and there was one 
 
Figure 4.2. Synthesis of cis-[Ru(bpy)2(PPh3)(H)](CF3SO3) (13) 
multiplet between 6.96 to 6.90 ppm which was integrated as a 7 protons; 6 from 
P(C6H4F)3 and one from 2,2′-bipyridine. The hydride exhibited a doublet at -12.20 ppm 
due to coupling with phosphine, and the coupling constant of J(P-H) was 32.4 Hz, which 
is in the expected range for cis-phosphine hydrides (analogous to data previously reported 
for Ru[(bpy)2(PPh3)(H)](PF6).
164
 The 
31
P NMR spectra for complexes 12 exhibited a 
single sharp resonance for P(C6H4F)3 at δ 66.8 ppm. The 
13
C NMR of the compound 12 
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showed 24 different resonances between 180.7 to 116.1 ppm, which is consistent with the 
structure of the compound. 
 The compound cis-[Ru(bpy)2(PPh3)(H)](CF3SO3) (13) (Figure 4.2) contain total 
of  31 protons: 8 protons from the each bipyridine ring; 15 protons from the PPh3 group, 
and the 
1
H NMR is consistent with it. For example, the complex 13 displayed nine 
aromatic resonances between 8.61 to 7.68 ppm which was integrated to total of eleven 
protons of the bipyridine rings; there was overlap with two bipyridine proton resonances 
between 7.82 to 7.77 ppm, and one more overlap between 7.73 to 7.68 ppm which was 
integrated as two bipyridine protons. The multiplet between 7.38 to 7.27 ppm was 
integrated as 11 protons: nine protons of the PPh3 ring and two protons of bipyridine. One 
more multiplet was observed between 7.21 to 7.16 ppm, which was integrated as 7 
protons: six protons from the PPh3 groups and one proton from bipyridine. There were 
two more resonances between 6.97 to 6.79 ppm, which corresponds to two protons of the 
bipyridines. The hydride exhibited a doublet at -12.10 ppm with the coupling constant of 
J(P-H) being 30.0 Hz,. The 
31
P NMR spectra for compound 13 exhibited a single sharp 
resonance for PPh3 at δ 68.2 ppm. The 
13
C NMR of the compound 13 showed 24 
different resonances between 180.6 to 123.5 ppm, which is consistent with the structure 
of the compound. 
 The compound cis-[Ru(4,4’Me-bpy)2(P(C6H4F)3)(H)](CF3SO3) (14) (Figure 4.3) 
displayed seven different resonances between 8.30 to 7.55 ppm, which integrates to seven 
protons of the (4,4′-dimethyl-2,2-bipyridine rings. Multiplet between 7.36 to 7.31 
corresponds to six protons of P(C6H4F)3 group. Three resonances between 7.22 to 6.99 
ppm corresponds to three aromatic protons of the 4,4’Me2bpy ring. The multiplet 
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between 6.95 to 6.91 ppm corresponds to six protons of P(C6H4F)3 group. Two 
resonances at 6.83 and 6.72 ppm was integrated as two aromatic protons of the 
4,4’Me2bpy ring. In addition to aromatic resonance, complex 14 also displayed four 
single sharp resonances at 2.43 ppm, 2.41 ppm, 2.39 ppm, and 2.36 ppm each 
corresponding to three protons from each methyl groups on the 4,4’-dimethyl-2,2’-
bipyridine ligand. The hydride exhibited a doublet at -12.52 ppm, and the coupling   
 
Figure 4.3. Synthesis of cis-[Ru(4,4’Me2bpy)2(P(C6H4F)3)(H)](CF3SO3) (14) 
constant of J(P-H) is 32.4 Hz. 
31
P NMR of complex 14 exhibited a single sharp resonance 
for P(C6H4F)3  at δ 66.8 ppm. 
13
C NMR of 14 displayed 24 different resonances between 
165.5 to 115.9 ppm, and one multiplet between 21.3 to 20.9 ppm, which corresponds to 
the four carbon atoms of the methyl groups. The complexes 12-14 are sterically almost 
the same due to the presence of less sterically hindered bipyrdines. However, due to the 
different electron donating ability of the functional group present on the bipyridines, and 
phosphines, the catalyst 12-14 are electronically different. For example, the ruthenium 
center in catalysts 12 is more electrophilic compared to ruthenium center in catalyst 13 
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and 14, which is due to the presence of more electron donating phosphine (PPh3) group in 
13, and due to the presence of electron donating CH3 group on the bipyridine ring of 14, 
and sterically the catalysts 12-14 are almost the same.  
4.3.2. Hydrogenation/hydrogenolysis activity studies of HMF 
 As shown in Table 4.1 (entries 1-3), compound 12-14 are all active catalysts for 
the hydrogenation of 5-hydroxymethylfurfural (HMF) in NMP, showing almost complete 
conversion of HMF, and very high selectivity (70 to 72%) for 2,5-DMF formation at 180 
°C. For example, the hydrogenation of HMF in NMP in presence of 2 mol% catalyst 12, 
and 20 mol% BiBr3 proceeded at 180 °C/51 atm H2 pressure for 48 h to furnish 2,5-DMF 
in 70% yield (Table 4.1, entry 1) and 11% MF yield. There was also trace amount of 5-  
Table 4.1. Ru(II) hydride catalyzed hydrogenation/hydrogenolysis of HMF 
Entry Cat. Substrate Solvent
f
 P 
(atm) 
T 
(°C) 
t 
(h) 
Conv.  
(%)
g,h
 
Selectivity (%)
g,i
 
2,5-
DMF 
MF MeFFR 
 
1 12
a
 HMF NMP 51 180 48  100     70  11 trace  
2 13
a
 HMF NMP 51 180 48  100    70  11 trace 
3 14
a
  HMF NMP 51 180 48  100     72  10  trace  
 
a
2.0 mol % catalyst; 
f
10 mL solvent. 
g
Average of ≥3 experiments. 
h
Determined by GC analysis using n-octane as internal standard. 
i
Product selectivity = (mol product formed/mol substrate consumed) × 100. 
methylfurfural (MeFFR) observed (Figure 4.4). Under the similar conditions, the 
hydrogenation of HMF in NMP using 2 mol% catalyst cis-
[Ru(bpy)2(H2O)(P(C6H4F)3](CF3SO3)2 (7) gave 65% yield of 2,5-DMF, 12% yield of  
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Figure 4.4. Hydrogenation products of HMF using catalysts 12-14 
 MF, and trace of methylfurfural. This results shows that (Figure 4.5) the ruthenium 
hydride 12 is competent catalyst giving similar conversion and selectivity as those of the 
corresponding ruthenium-aqua complex cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 (7). 
 
 
Figure 4.5. Product yields during the hydrogenation of HMF. 
Left: using cis-[Ru(bpy)2(P(C6H4F)3)(H)](CF3SO3)(12). Right: using cis-
[Ru(bpy)2(P(C6H4F)3)(H2O)](CF3SO3)2 (7). Reaction conditions: ruthenium catalyst (2 
mol%); BiBr3 (20 mol%); HMF (0.793 mmol); 10 mL NMP;  n-octane (10 µL); 
temperature (180 °C); H2 pressure (51 atm); time 48 h. 
 
 Similarly, the hydrogenation of HMF in NMP in presence of 2 mol% catalyst 13, 
and 20 mol% BiBr3 proceeded at 180 °C/51 atm H2 pressure for 48 h to furnish 2,5-DMF 
in 70% yield (Table 4.1, entry 2) and 11% MF yield along with a trace amount of 5-
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methylfurfural. Under similar conditions, the corresponding aqua catalyst cis-
[Ru(bpy)2(H2O)(PPh3)](CF3SO3)2 (8), gave 65% 2,5-DMF and 12% of MF yield with 
small amount of 5-methylfurfural (MeFFR) (Figure 4.6).  
 
Figure 4.6. Product yields during the hydrogenation of HMF. 
 Left: using cis-[Ru(bpy)2(PPh3)(H)](CF3SO3) (13). Right: using cis-
[Ru(bpy)2(PPh3)(H2O)](CF3SO3)2(8). Reaction conditions: ruthenium catalyst (2 mol%); 
BiBr3 (20 mol%); HMF (0.793 mmol); 10 mL NMP;  n-octane (10 µL); temperature (180 
°C); H2 pressure (51 atm); time 48 h. 
 
 The hydrogenation results of catalysts 14 were also comparable with catalyst cis- 
[Ru(4,4′-Me2bpy)2(H2O)(P(C6H4F)3)](CF3SO3)2 (10). For example, hydrogenation of 
HMF in NMP using 2 mol% catalyst 14, and 20 mol% BiBr3 proceeded at 180 °C/51 atm 
H2 pressure for 48 h to furnish 72% yield of 2,5-DMF (Table 4.1, entry 3) and 10% of 
MF. Under similar conditions, the corresponding aqua catalysts 10 gave 72% 2,5-DMF 
and 12% of MF. In both the cases small amount of 5-methylfurfural (MeFFR) was 
observed (Figure 4.7)  
 All the above results suggest that the ruthenium hydrides are active intermediates 
towards 5-hydroxymethylfurfural (HMF) hydrogenation and hydrogenolysis reactions. 
The formation of methylfufural (MeFFR) as an intermediate in all hydrogenation 
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reactions with catalyst 12-14, suggests that formation of 2,5-dimethylfuran (2,5-DMF) 
from 5-hydroxymethylfurfural (HMF) might have proceeded through the C-O bond 
hydrogenolysis of HMF first, rather than C=O hydrogenation of the carbonyl group. As 
  
Figure 4.7. Product yields during the hydrogenation of HMF. 
Left: using cis-[Ru(bpy)2(PPh3)(H)](CF3SO3) (14). Right: using cis-
[Ru(bpy)2(PPh3)(H2O)](CF3SO3)2(10).  Reaction conditions: ruthenium catalyst (2 
mol%); BiBr3 (20 mol%); HMF (0.793 mmol); 10 mL NMP;  n-octane (10 µL); 
temperature (180 °C); H2 pressure (51 atm); time 48 h. 
 
 
discussed in chapter 3 (section 3.4.5), the hydrogenation using ruthenium dicationic 
complexes (7-10) also formed MeFFR as an intermediate in all the hydrogenation 
reactions. These data suggest that both ruthenium hydride (12-14), and ruthenium 
dicationic complexes (7-10) proceed through analogous reaction intermediates to form 
2,5-DMF. There were no new products observed from hydrogenation reactions of HMF 
with catalysts 12-14 than compared to 7-10. The conversion rates, product selectivity, 
and the product distribution were almost similar with both aqua catalysts (7-10) and 
hydride catalysts (12-14). These results suggest that hydride at the ruthenium center has 
sufficient nucleophilicity to attack the methylene carbon of the substrate.  
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  A proposed mechanism for catalytic formation of 2,5-DMF via HMF 
hydrogenation/hydrogenolysis involving ruthenium catalysts 12-14, is same as that 
described  for catalytic formation of 2,5-DMF using catalyst 7-10 (Chapter 3, Scheme 
3.8), except the first cycle of the hydrogenation, in which ruthenium hydride will not be 
generated in-situ. The mechanism of hydrogenation and hydrogenolysis of HMF into 2,5-
DMF involves conversion of HMF into 5-bromomethylfurfural using bismuth bromide, 
the ruthenium hydride will then attack on the electrophilic carbon atom bearing bromine, 
forming 5-methylfurfural (MeFFR). The vacant site on ruthenium will be occupied by 
dihydrogen forming Ru-η
2
-dihydrogen complex, which will then protonate the C=O bond 
of MeFFR. The ruthenium hydride attack on the electrophilic carbon of protonated 
MeFFR forms 5-methylfurfurylalcohol. The 5-methylfurfuryl alcohol, in the presence of 
bismuth bromide will be converted into 5-methylfurfurylbromide. The nucleophilic attack 
of the hydride on the methylene carbon will give rise 2,5-DMF.  
 The results of HMF hydrogenation using catalyst 12-14 are consistent with the 
proposed ionic-hydrogenation mechanism (Scheme 1.7), in which ruthenium-hydride acts 
as potential hydride donor. Morris and coworkers have also discussed the similar 
mechanism for the hydrogenation and hydrogenolysis of 1,2-propanediol to n-propanol.
35
 
In the mechanism they have proposed that hydrogenation of propanaldehyde proceeds 
through the ionic-hydrogenation mechanism involving the proton and the hydride transfer 
to the substrate (Scheme 1.3). The ruthenium hydride transfers the hydride to the 
protonated aldehyde without the substrate binding to the metal center. Similarly, in our 
proposed ionic hydrogenation mechanism, the ruthenium hydride will transfer its hydride 
to the methylene carbon of the 5-bromomethylfurfural forming 5-methylfurfural 
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(MeFFR). From the 
31
P NMR study (Section 3.3.2.2) we have evidence for phosphine not 
dissociating from the metal center, suggesting that the, proton and the hydride transfer 
takes place through ionic-hydrogenation pathway. Casey and coworkers have also 
demonstrated the capability of the ruthenium hydride as a hydride donor for the 
hydrogenation of various aldehydes.
111
  
 Noyori and coworkers have developed efficient transfer hydrogenation catalysts 
that exhibit high turnover rates. Noyori’s BINAP types of systems (section 1.2.7) are 
highly active catalysts for the reduction of ketones to alcohols.
125,127
 The author has 
proposed the hydrogenation mechanism which involves the hydride transfer from the 
metal center to the carbonyl carbon atom. These catalysts have a high turnover numbers. 
For example, hydrogenation of acetophenone using (S)-TolBINAP/(S,S)-DPEN Ru 
complex and tBuOK in 2-propanol at 30 °C gave 100% yield of alcohol product, with the 
turnover number greater than 2400 000.
165
 The catalysts 12-14 are structurally 
comparable to Noyori’s [RuCl2(xylbinap)-(daipen)] types of system (Figure 1.18). 
Similar to Noyori’s system, the catalyst 12-14 also has two bidentate chelating ligands, 
which allow us to tune the metal center both electronically and sterically. However, 
compared to Noyori’s system the ruthenium catalysts 12-14 are less reactive. This may be 
because the hydrogenation of alcohols and ketones using Noyori’s catalysts do not go 
through the formation of dihydrogen complex, which may also account for the slow 
reactivity of the catalyst. At this stage, we do not know which step is the rate determining 
step. Once we determine the rate determining step, it will give us better understanding 
about the mechanism. Another possible reason may be due to the basicity of the solvent 
NMP, which will slow down the hydrogenation reaction. The future works of this project 
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also involves studying the effect of other solvents towards hydrogenation and 
hydrogenolysis of 5-hydroxymethylfurfural (HMF) using catalyst 12-14. Right now we 
are still trying to get some good systems for the C-O bond hydrogenolysis, once we get 
highly active system we can pick the best catalyst to study the rates of a reactions. 
4.4. Conclusions 
Ruthenium(II) bis(diimine) hydride complexes cis-[Ru(bpy)2(P(C6H4F)3)(H)](CF3SO3) 
(12), cis-[Ru(bpy)2(PPh3)(H)](CF3SO3) (13), and cis-[Ru(4,4′-
Me2bpy)2(P(C6H4F)3(H)](CF3SO3) (14) in presence of bismuth halides are active and 
highly selective catalyst towards the hydrogenolysis of 5-hydroxymethylfurfural (HMF). 
The hydrogenation reactions of HMF in NMP using 2 mol% catalyst 12-14 and 20 mol% 
BiBr3 at 180 °C/51 atm H2 pressure, gave complete HMF conversion forming 70-72% of 
2,5-DMF and 11% of 2-methylfuran (MF) yield in 48 h. All the results were highly 
reproducible, and the products obtained account for all most complete conversion of 
HMF. The results obtained for hydrogenation of HMF using  ruthenium hydride catalyst 
12-14 are very similar to those obtained from dicationic ruthenium aqua catalyst  cis-
[Ru(bpy)2(H2O)(P(C6H4F)3](CF3SO3)2 (7), cis-[Ru(bpy)2(H2O)(PPh3)](CF3SO3)2 (8), and 
cis-[Ru(4,4′-Cl2bpy)2(H2O)(PPh3)](CF3SO3)2 (10). The experimental data suggest that 
ruthenium hydrides are active and efficient catalysts for hydrogenation of HMF.  
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Chapter 5: Conclusions and future research 
 In the course of this work we have demonstrated that ruthenium bipyridine-based 
catalysts are efficient catalysts for the C-O bond hydrogenation and hydrogenolysis. The 
compounds Ru(6,6′-Cl2bpy)2(OH2)2](CF3SO3)2 (2), cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 
(3), cis-[Ru(4,4′-Cl2bpy)2 (OH2)2](CF3SO3)2 (4), and cis-[Ru(4,4′-
Cl2bpy)2(OH2)2](BArF)2 (5) were found to be active and highly selective for the 
hydrogenation of furfural (FFR) to furfuryl alcohol (FFA) giving nearly 100% yield of 
FFA. The compound cis-[Ru(6,6′-Cl2bpy)2(OH2)2](BArF)2 (3) is also an efficient catalyst 
for the hydrogenation of furfuryl alcohol to tetrahydrofurfuyl alcohol, this is likely 
because of the non-coordinating character of BArF counterions. The catalyst cis-[Ru(6,6′-
Cl2bpy)2(OH2)2](CF3SO3)2 (2) was also an active catalyst in ethanol for the 
hydrogenolysis of furfuryl alcohol to 2-methylfuran (MF). The catalyst 3 was not reactive 
towards the hydrogenolysis of FFA or FFR, this may be due to the reduced steric 
hindrance about the electrophilic ruthenium center which may increase the dimerization 
of metal hydride species.  
 We have also shown that complexes cis-[Ru(bpy)2(OH2){P(C6H4F)3}](CF3SO3)2 
(7), cis-[Ru(bpy)2(PPh3)(OH2)](CF3SO3)2 (8), cis-[Ru(4,4’-
Cl2bpy)2(PPh3)(OH2)](CF3SO3)2 (9), and cis-[Ru(4,4’-
Me2bpy)2{(P(C6H4F)3}(OH2)](CF3SO3)2 (10) are active and highly selective catalysts for 
the C-O bond hydrogenation of FFR to FFA giving >90% conversion. We have 
demonstrated that bismuth has a role in hydrogenolysis of furfuryl alcohol (FFA), and 5-
hydroxymethylfurfural (HMF). In presence of bismuth halides, the catalysts 7-10 were 
active C-O bond hydrogenolysis catalysts giving MF yield up to 53%. The catalysts 7-10 
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have shown high thermal stability. A very high conversion, and excellent selectivity for 
2,5-dimethyl (72% yield) furan was achieved using bismuth bromide-assisted 
hydrogenolysis with catalyst 7-10 in NMP. Our experimental results shows that the 
hydrogenation and hydrogenolysis of 5-hydroxylmethylfurfural is likely to proceed via 2-
methylfurfural intermediate. We have also shown that phosphine in catalyst 7-10 is still 
binding to the ruthenium at the end of the hydrogenation reactions. This was done by 
recording the 
31
P NMR data of a solution before and after hydrogenation reactions. In 
order to demonstrate ruthenium hydrides are potential intermediate in the C-O bond 
hydrogenation/hydrogenolysis reactions, we synthesized a series of ruthenium hydride 
complexes 11-13 and used them as catalysts for C-O bond hydrogenolysis of 5-
Hydroxymethylfurfural (HMF). The experimental data suggests that ruthenium hydrides 
are active intermediates in C-O bond hydrogenation and hydrogenolysis of HMF. 
Clearly, we have shown that each step that we have proposed in the mechanism (Scheme 
3.8) is plausible. 
 By synthesizing a series of catalysts with a different functional group on the 
ancillary bipyridine ligand, and by substituting different phosphine groups on the 
ruthenium metal center, we have shown that the metal center can be well tuned sterically 
and electronically. The C-O bond hydrogenation and hydrogenolysis of furan derivatives 
using catalyst 2-13, show that ruthenium bipyridine-based catalysts are efficient catalysts 
to convert biomass-derived furans into value added products. The hydrogenation and 
hydrogenolysis results of furfural (FFR) and 5-hydroxymethylfurfural (HMF) using 
catalysts 2-13 are comparable to that of Cu-Cr catalysts, and also the ruthenium 
complexes are less toxic. 
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 The future research efforts can be focused on exploring the C-O bond 
hydrogenation of these furan derivatives in less polar solvents, and also in solvents other 
than NMP. Further making a monocationic complexes of the type [Ru (N-C) (N-
N)(MeCN)2](CF3SO3) (where N-C = phenylpyridine, N-N= bipyridine) will give an 
opportunity to try less polar solvents such as toluene, hexane, benzene etc., for 
hydrogenation reactions. Since Ru(bpy)2(PR3)(H2O) complexes are efficient C-O bond 
hydrogenation/hydrogenolysis catalysts, this catalysts can be tested to perform the C-O 
bond hydrogenation/hydrogenolysis of other biomass-derived compounds (such as 
glycerol, 1,2 propanediol, sugar molecules etc.), and also for the deoxygenation of 
aromatic and aliphatic ketones, aldehyde, and ethers. The fact that there are few 
homogenous deoxygenation catalysts known, the use of these catalysts to convert 
biomass-derived compounds into useful chemicals will be very useful. Our 
hydrogenation results suggest that the catalysts 2-13 have potential to cleave carbon-
oxygen bond. Therefore, once we optimize the conditions, these catalysts can be used not 
only for furfural, furfuryl alcohol, 5-hydroxymethylfurfural hydrogenation and 
hydrogenolysis, they can also be used for C-O bond hydrogenation and hydrogenolysis of 
several other biomass-derived compounds, and petroleum products. For example, these 
catalysts can be tested for the C-O bond cleavage in the biomass-derived building blocks 
such as glycerol, sorbitol, 1,4-diacids (succinic, fumaric and malic), aspartic acid, 
glutamic acid, 2,5-Furandicarboxylic acid etc., Each of these building blocks can be 
converted into variety of bio-based chemicals.
15
 Certainly, the ruthenium catalysts 2-13 
can also be tested for C-O bond cleavage in ether molecules, which is very common in 
biomass resources. The lignin biomass is a potential source for biofuel and chemical 
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intermediate, and its depolymerization requires C-O bond cleavage. The catalyst 7-13 can 
also be used to achieve this transformation. Apart from their applications in carbon-
oxygen bond hydrogenation and hydrogenolysis of biomasses and biomass-derived 
compounds, the above catalysts can also be used for the conversion of petroleum-based 
feedstock into useful products. Another potential application of ruthenium catalysts is to 
convert the carbon dioxide into useful chemical. The ruthenium catalysts have been 
reported for the hydrogenation of carbon dioxide into methanol.
168
 Therefore, if we can 
achieve the conversion of CO2 into a methanol using our ruthenium catalysts 2-13 or tune 
the metal center in such way that the catalysts can do C-O bond cleavage, it will be very 
significant contribution to reduce the global warming by green house gas CO2.  
 Homogeneous ruthenium bipyridine-based complexes have a lot of room for 
tuning, giving an opportunity to tune the metal center both electronically and sterically. 
The advantage with homogeneous catalysis involves; the catalyst can be easily tuned, we 
can achieve higher selectivity and reactivity, we can gain better understanding of the 
reaction mechanism(s) and the origin of by-products. On the other hand, heterogeneous 
catalysts also offer many advantages over the homogeneous catalysts, such as 
recyclability, easy and inexpensive removal of the catalyst from the reaction mixture by 
filtration, or by centrifugation. Because of above mentioned advantages industries 
generally prefer heterogeneous catalysts. Therefore, if we can convert these homogneous 
catalysts into heterogeneous systems they will be very useful from the industrial point of 
view. One of the reasons for choosing the bipyridine ligand-based ruthenium catalysts 
framework is because of their easy modification. Modification of the ligand can be done 
by substituting a suitable polymeric or inorganic supports on the bipyridine ring. Once we 
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optimize the conditions for synthesis of furfuryl alcohol (FFA), methylfuran (MF), and 
2,5-dimethylfuran (2,5-DMF), by tethering some kind of silica-support to the ruthenium 
center, we can convert these homogeneous catalysts into heterogeneous catalysts.
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APPENDIX 
Table A.1. Crystal data and structure refinement for cis-[Ru(4,4′-
Cl2bpy)2(CH3CN)2](CF3SO3)2 (4′). 
Compound     4’ 
Empirical formula                    C26H18Cl4F6N6O6RuS2 
Formula weight                       931.45 
Temperature                         90.0(2) K 
Wavelength                          0.71073 Å 
Crystal system    Monoclinic 
Space group           C 2/c 
Unit cell dimensions                a = 18.9102(1) Å   . 
                                           b = 10.8163(1) Å              
     c = 18.8782(2) Å  
                               α = 90° 
     β = 118.5306(4)° 
     γ = 90° 
Volume                               3392.41(5) Å
3
 
Z     4 
Calculated density          1.824 Mg/m
3 
      
Absorption coefficient              0.984 mm
-1
 
F(000)                             1848 
Crystal size                         0.20 x 0.20 x 0.20 mm 
θ range for data collection      2.25 to 27.50 deg. 
Limiting indices                    -24<=h<=24, -14<=k<=14, -24<=l<=24 
Reflections collected        47530 
Absorption correction               Semi-empirical from equivalents 
Refinement method                   Full-matrix least-squares on F
2
 
Data / restraints / parameters      3899 / 19 / 233 
Goodness-of-fit on F
2
              1.192 
Final R indices [I>2σ(I)]        R1 = 0.0460, wR2 = 0.1173 
R indices (all data)                 R1 = 0.0524, wR2 = 0.1235 
Largest diff. peak and hole         1.823 and -1.112 e.Å
-3 
 
 
Table A.2 Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters 
(Å
2
 x 10
3
) for 4’. 
 Atom x y z U(eq) 
Ru(1) 0 1914(1) 2500 15(1) 
N(1) -167(1) 598(2) 3191(1) 15(1) 
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N(2) 1157(1) 1727(2) 3441(1) 16(1) 
Cl(1) -284(1) -2276(1) 4847(1) 26(1) 
Cl(2) 3637(1) 622(1) 5344(1) 24(1) 
C(1) -878(2) 175(3) 3088(2) 19(1) 
C(2) -942(2) -713(3) 3585(2) 22(1) 
C(3) -242(2) -1166(3) 4207(2) 20(1) 
C(4) 503(2) -730(3) 4346(2) 18(1) 
C(5) 518(2) 165(3) 3827(2) 17(1) 
C(6) 1264(2) 770(3) 3949(2) 16(1) 
C(7) 2022(2) 402(3) 4547(2) 19(1) 
C(8) 2684(2) 1054(3) 4610(2) 20(1) 
C(9) 2582(2) 2040(3) 4110(2) 21(1) 
C(10) 1813(2) 2353(3) 3536(2) 19(1) 
N(1S) 339(2) 3190(2) 1929(2) 19(1) 
C(1S) 644(2) 3800(3) 1652(2) 24(1) 
C(2S) 1049(2) 4519(4) 1305(2) 34(1) 
S(1A) 2581(1) 1450(1) 1671(1) 26(1) 
O(1A) 2575(2) 1879(3) 2381(2) 48(1) 
O(2A) 2716(2) 146(3) 1657(2) 44(1) 
O(3A) 1972(3) 1927(3) 927(2) 74(1) 
C(1A) 3505(4) 2127(4) 1768(3) 55(1) 
F(1A) 3475(2) 3359(3) 1785(2) 71(1) 
F(2A) 4132(2) 1807(4) 2448(3) 109(2) 
F(3A) 3603(4) 1874(4) 1136(4) 145(3) 
 
 
Table A.3. Bond Length (Å) and bond angles (deg) for 4’. 
 
Atoms Bond length Atoms Bond length 
Ru(1)-N(1S) 2.035(3) C(6)-C(7) 1.394(4) 
Ru(1)-N(1S) 2.035(3) C(7)-C(8) 1.390(4) 
Ru(1)-N(1) 2.054(2) C(7)-H(7) 0.95 
Ru(1)-N(1) 2.054(2) C(8)-C(9) 1.376(4) 
Ru(1)-N(2) 2.067(2) C(9)-C(10) 1.378(4) 
Ru(1)-N(2) 2.067(2) C(9)-H(9) 0.95 
N(1)-C(1) 1.343(4) C(10)-H(10) 0.95 
N(1)-C(5) 1.362(4) N(1S)-C(1S) 1.152(4) 
N(2)-C(10) 1.349(4) C(1S)-C(2S) 1.450(5) 
N(2)-C(6) 1.359(4) C(2S)-H(2S1) 0.98 
Cl(1)-C(3) 1.732(3) C(2S)-H(2S2) 0.98 
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Cl(2)-C(8) 1.733(3) C(2S)-H(2S3) 0.98 
C(1)-C(2) 1.387(4) S(1A)-O(3A) 1.421(3) 
C(1)-H(1) 0.95 S(1A)-O(1A) 1.423(3) 
C(2)-C(3) 1.375(4) S(1A)-O(2A) 1.436(3) 
C(2)-H(2) 0.95 S(1A)-C(1A) 1.822(5) 
C(3)-C(4) 1.386(4) C(1A)-F(2A) 1.311(7) 
C(4)-C(5) 1.389(4) C(1A)-F(3A) 1.320(6) 
C(4)-H(4) 0.95 C(1A)-F(1A) 1.334(5) 
C(5)-C(6) 1.470(4) 
   
    
Atoms Bond angle Atoms Bond angle 
N(1S)-Ru(1)-N(1S) 94.55(14) N(2)-C(6)-C(7) 122.5(3) 
N(1S)-Ru(1)-N(1) 171.67(9) N(2)-C(6)-C(5) 114.8(2) 
N(1S)-Ru(1)-N(1) 87.18(10) C(7)-C(6)-C(5) 122.6(3) 
N(1S)-Ru(1)-N(1) 87.18(10) C(8)-C(7)-C(6) 117.4(3) 
N(1S)-Ru(1)-N(1) 171.68(9) C(8)-C(7)-H(7) 121.3 
N(1)-Ru(1)-N(1) 92.27(13) C(6)-C(7)-H(7) 121.3 
N(1S)-Ru(1)-N(2) 94.80(10) C(9)-C(8)-C(7) 120.6(3) 
N(1S)-Ru(1)-N(2) 92.83(10) C(9)-C(8)-Cl(2) 120.5(2) 
N(1)-Ru(1)-N(2) 93.25(9) C(7)-C(8)-Cl(2) 118.8(2) 
N(1)-Ru(1)-N(2) 78.91(9) C(8)-C(9)-C(10) 118.7(3) 
N(1S)-Ru(1)-N(2) 92.82(10) C(8)-C(9)-H(9) 120.7 
N(1S)-Ru(1)-N(2) 94.80(10) C(10)-C(9)-H(9) 120.7 
N(1)-Ru(1)-N(2) 78.91(9) N(2)-C(10)-C(9) 122.6(3) 
N(1)-Ru(1)-N(2) 93.25(9) N(2)-C(10)-H(10) 118.7 
N(2)-Ru(1)-N(2) 168.76(14) C(9)-C(10)-H(10) 118.7 
C(1)-N(1)-C(5) 118.4(2) C(1S)-N(1S)-Ru(1) 168.9(3) 
C(1)-N(1)-Ru(1) 126.23(19) N(1S)-C(1S)-C(2S) 177.4(4) 
C(5)-N(1)-Ru(1) 115.31(18) C(1S)-C(2S)-H(2S1) 109.5 
C(10)-N(2)-C(6) 118.1(2) C(1S)-C(2S)-H(2S2) 109.5 
C(10)-N(2)-Ru(1) 126.5(2) H(2S1)-C(2S)-H(2S2) 109.5 
C(6)-N(2)-Ru(1) 114.88(18) C(1S)-C(2S)-H(2S3) 109.5 
N(1)-C(1)-C(2) 122.8(3) H(2S1)-C(2S)-H(2S3) 109.5 
N(1)-C(1)-H(1) 118.6 H(2S2)-C(2S)-H(2S3) 109.5 
C(2)-C(1)-H(1) 118.6 O(3A)-S(1A)-O(1A) 116.5(2) 
C(3)-C(2)-C(1) 117.8(3) O(3A)-S(1A)-O(2A) 114.0(2) 
C(3)-C(2)-H(2) 121.1 O(1A)-S(1A)-O(2A) 114.7(2) 
C(1)-C(2)-H(2) 121.1 O(3A)-S(1A)-C(1A) 103.9(3) 
C(2)-C(3)-C(4) 121.2(3) O(1A)-S(1A)-C(1A) 102.3(2) 
C(2)-C(3)-Cl(1) 119.8(2) O(2A)-S(1A)-C(1A) 103.1(2) 
160 
 
C(4)-C(3)-Cl(1) 119.0(2) F(2A)-C(1A)-F(3A) 112.2(6) 
C(3)-C(4)-C(5) 117.7(3) F(2A)-C(1A)-F(1A) 105.6(4) 
C(3)-C(4)-H(4) 121.1 F(3A)-C(1A)-F(1A) 104.7(4) 
C(5)-C(4)-H(4) 121.1 F(2A)-C(1A)-S(1A) 111.6(3) 
N(1)-C(5)-C(4) 122.1(3) F(3A)-C(1A)-S(1A) 111.6(4) 
N(1)-C(5)-C(6) 115.1(2) F(1A)-C(1A)-S(1A) 110.7(4) 
C(4)-C(5)-C(6) 122.8(3) 
  
 
 
Table A.4. Anisotropic displacement parameters (Å
2
 x 10
3
) for 4’. 
Atom U11 U22 U33 U23 U13 U12 
Ru(1) 15(1) 14(1) 15(1) 0 7(1) 0 
N(1) 15(1) 16(1) 15(1) -2(1) 7(1) -1(1) 
N(2) 16(1) 19(1) 12(1) -1(1) 7(1) -1(1) 
Cl(1) 22(1) 26(1) 28(1) 9(1) 12(1) -3(1) 
Cl(2) 14(1) 34(1) 21(1) 5(1) 6(1) -2(1) 
C(1) 16(1) 21(2) 20(1) 1(1) 8(1) -1(1) 
C(2) 17(1) 24(2) 24(1) 1(1) 10(1) -4(1) 
C(3) 24(1) 17(1) 21(1) 2(1) 13(1) -2(1) 
C(4) 18(1) 17(1) 18(1) -1(1) 8(1) 0(1) 
C(5) 16(1) 19(1) 16(1) -1(1) 8(1) -1(1) 
C(6) 17(1) 16(1) 16(1) -1(1) 9(1) -2(1) 
C(7) 16(1) 22(2) 17(1) 3(1) 7(1) -1(1) 
C(8) 15(1) 26(2) 16(1) -1(1) 5(1) -1(1) 
C(9) 18(1) 27(2) 21(1) -1(1) 11(1) -6(1) 
C(10) 22(1) 19(1) 17(1) 1(1) 9(1) -5(1) 
N(1S) 22(1) 17(1) 16(1) 1(1) 7(1) 1(1) 
C(1S) 28(2) 22(2) 19(1) 0(1) 10(1) -2(1) 
C(2S) 42(2) 32(2) 30(2) 5(1) 17(2) -11(2) 
S(1A) 28(1) 24(1) 25(1) -2(1) 12(1) 1(1) 
O(1A) 52(2) 60(2) 46(2) -22(1) 35(2) -18(1) 
O(2A) 44(2) 24(1) 73(2) -2(1) 34(2) -4(1) 
O(3A) 80(3) 48(2) 40(2) -1(1) -15(2) 2(2) 
C(1A) 82(3) 39(2) 76(3) -21(2) 64(3) -28(2) 
F(1A) 136(3) 38(1) 58(2) -21(1) 61(2) -44(2) 
F(2A) 32(2) 75(2) 196(4) 0(3) 35(2) -8(2) 
F(3A) 244(6) 107(3) 217(5) -114(3) 216(5) -120(4) 
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Table A.5. Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2
 x 
10
3
) for 4’. 
Atom x y z U(eq) 
H(1) -1358 497 2656 23 
H(2) -1453 -997 3497 26 
H(4) 987 -1034 4782 21 
H(7) 2085 -268 4898 23 
H(9) 3033 2495 4160 25 
H(10) 1743 3038 3193 23 
H(2S1) 1489 4991 1731 51 
H(2S2) 665 5091 902 51 
H(2S3) 1267 3963 1047 51 
 
 
Table A.6. Crystal data and structure refinement for cis-[(Ru(4,4′-Cl2bpy)2Cl)2]2(BArF)2 
(6) 
Compound    6 
 Empirical formula                   C107H51B2Cl19F48N8Ru2 
 Formula weight                      3257.87 
 Temperature                          90.0(2) K 
 Wavelength                           0.71073 A 
 Crystal system,     Triclinic 
 Space group            P -1 
 Unit cell dimensions                a = 13.5881(2) Å    
                                  b = 17.1304(3) Å                                             
    c = 27.0993(5) Å   
     α = 82.9755(8)° 
     β = 89.5023(7)°  
      γ = 88.0876(7)° 
  Volume                               6256.99(18) Å
3
 
  Z 2 
  Calculated density                1.729 Mg/m
3
 
  Absorption coefficient             0.769 mm
-1
 
  F(000)                               3204 
  Crystal size                         0.18 x 0.12 x 0.06 mm 
  Theta range for data collection     1.81 to 25.00 deg. 
  Limiting indices                        -16<=h<=16, -20<=k<=20, -32<=l<=32 
  Reflections collected        131393  
  Absorption correction               Semi-empirical from equivalents 
  Refinement method                   Full-matrix least-squares on F
2
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  Data / restraints / parameters      22032 / 142 / 1698 
  Goodness-of-fit on F
2
              1.047 
  Final R indices [I>2σ(I)]       R1 = 0.0632, wR2 = 0.1558 
  R indices (all data)                R1 = 0.1179, wR2 = 0.1823 
  Largest diff. peak and hole        1.743 and -0.847 e.Å
-3
 
 
 
Table A.7. Atomic coordinates ( x 10
4
) and equivalent isotropic displacement parameters 
(Å
2
 x 10
3
) for 6. 
Atom x y z U(eq) 
Ru(1) 7509(1) 6753(1) 1872(1) 26(1) 
Ru(2) 6372(1) 7403(1) 2966(1) 28(1) 
Cl(1) 8024(1) 7199(1) 2646(1) 29(1) 
Cl(2) 5854(1) 6889(1) 2212(1) 30(1) 
Cl(3) 8641(1) 3233(1) 2970(1) 56(1) 
Cl(4) 12270(1) 6353(1) 1813(1) 47(1) 
Cl(5) 5038(1) 6236(1) -100(1) 42(1) 
Cl(6) 7596(1) 10047(1) 389(1) 40(1) 
Cl(7) 6589(1) 11126(1) 2092(1) 43(1) 
Cl(8) 8658(2) 9095(1) 4621(1) 53(1) 
Cl(9) 1801(1) 7315(1) 3705(1) 55(1) 
Cl(10) 5686(1) 3926(1) 4189(1) 46(1) 
N(1) 7748(3) 5618(3) 2199(2) 26(1) 
N(2) 8970(3) 6593(3) 1717(2) 27(1) 
N(3) 6896(3) 6502(3) 1230(2) 29(1) 
N(4) 7427(3) 7847(3) 1476(2) 24(1) 
N(5) 6384(3) 8552(3) 2659(2) 27(1) 
N(6) 6961(3) 7909(3) 3527(2) 28(1) 
N(7) 4966(3) 7460(3) 3222(2) 29(1) 
N(8) 6268(4) 6301(3) 3349(2) 28(1) 
C(1) 7072(4) 5098(4) 2375(2) 32(2) 
C(2) 7319(5) 4354(4) 2602(2) 37(2) 
C(3) 8292(5) 4141(3) 2666(2) 34(2) 
C(4) 9006(5) 4666(3) 2488(2) 34(2) 
C(5) 8719(4) 5391(3) 2250(2) 27(1) 
C(6) 9415(4) 5963(4) 1996(2) 30(1) 
C(7) 10426(4) 5859(4) 2023(2) 34(2) 
C(8) 10994(4) 6420(4) 1755(2) 35(2) 
C(9) 10555(4) 7024(4) 1446(2) 35(2) 
C(10) 9558(4) 7096(4) 1434(2) 33(2) 
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C(11) 6576(4) 5793(3) 1145(2) 30(1) 
C(12) 6020(4) 5685(4) 739(2) 33(2) 
C(13) 5783(4) 6333(4) 406(2) 32(2) 
C(14) 6118(4) 7061(3) 473(2) 30(1) 
C(15) 6670(4) 7131(3) 886(2) 26(1) 
C(16) 7040(4) 7889(3) 1007(2) 26(1) 
C(17) 7056(4) 8555(3) 671(2) 26(1) 
C(18) 7482(4) 9216(3) 811(2) 29(1) 
C(19) 7868(4) 9197(3) 1286(2) 30(1) 
C(20) 7821(4) 8512(4) 1602(2) 30(1) 
C(21) 5941(4) 8868(4) 2229(2) 32(2) 
C(22) 5980(4) 9649(4) 2049(2) 34(2) 
C(23) 6502(4) 10143(4) 2311(2) 35(2) 
C(24) 6942(4) 9844(4) 2759(2) 34(2) 
C(25) 6861(4) 9053(3) 2929(2) 27(1) 
C(26) 7206(4) 8670(3) 3416(2) 27(1) 
C(27) 7723(4) 9062(4) 3746(2) 33(2) 
C(28) 7986(5) 8647(4) 4199(2) 35(2) 
C(29) 7747(4) 7868(4) 4314(2) 33(2) 
C(30) 7238(4) 7520(4) 3972(2) 36(2) 
C(31) 4349(4) 8100(4) 3158(2) 36(2) 
C(32) 3377(4) 8073(4) 3311(2) 35(2) 
C(33) 3017(4) 7366(4) 3524(2) 37(2) 
C(34) 3634(4) 6709(4) 3589(2) 38(2) 
C(35) 4606(4) 6767(3) 3448(2) 29(1) 
C(36) 5353(4) 6127(4) 3531(2) 29(1) 
C(37) 5166(4) 5413(3) 3803(2) 32(2) 
C(38) 5918(5) 4843(4) 3879(2) 36(2) 
C(39) 6862(4) 5016(4) 3696(2) 34(2) 
C(40) 6995(5) 5746(4) 3441(2) 35(2) 
B(1) 7871(5) 2535(4) 305(3) 28(2) 
C(41) 6839(4) 2413(3) 632(2) 29(1) 
C(42) 6556(4) 2901(3) 990(2) 30(1) 
C(43) 5690(4) 2800(3) 1265(2) 30(1) 
C(44) 5063(4) 2204(4) 1198(2) 34(2) 
C(45) 5327(4) 1699(3) 857(2) 30(1) 
C(46) 6208(4) 1798(3) 586(2) 31(2) 
C(47) 5445(5) 3334(4) 1644(3) 40(2) 
C(48) 4711(5) 1031(4) 772(2) 35(2) 
C(49) 7793(4) 2080(3) -193(2) 27(1) 
C(50) 6975(4) 2193(3) -511(2) 30(1) 
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C(51) 6878(4) 1827(4) -932(2) 31(2) 
C(52) 7594(4) 1282(4) -1053(2) 32(2) 
C(53) 8405(4) 1137(3) -751(2) 30(1) 
C(54) 8496(4) 1531(3) -329(2) 29(1) 
C(55) 5988(5) 2001(4) -1252(3) 41(2) 
C(56) 9208(5) 582(4) -880(3) 43(2) 
C(57) 8829(4) 2203(3) 637(2) 27(1) 
C(58) 9782(4) 2332(3) 442(2) 31(1) 
C(59) 10624(4) 2071(4) 703(2) 32(2) 
C(60) 10552(4) 1679(3) 1184(2) 33(2) 
C(61) 9629(4) 1546(3) 1385(2) 31(1) 
C(62) 8782(4) 1792(3) 1117(2) 8(1) 
C(63) 11612(5) 2190(4) 474(3) 44(2) 
C(64) 9517(5) 1135(4) 1907(3) 42(2) 
C(65) 7995(4) 3493(3) 151(2) 27(1) 
C(66) 8469(4) 3939(3) 467(2) 31(1) 
C(67) 8530(4) 4749(3) 377(2) 31(1) 
C(68) 8119(5) 5163(4) -41(2) 35(2) 
C(69) 7638(4) 4745(4) -368(2) 31(1) 
C(70) 7595(4) 3927(4) -276(2) 30(1) 
C(71) 9065(5) 5173(4) 745(3) 41(2) 
C(72) 7215(5) 5164(4) -840(3) 42(2) 
F(1) 5895(4) 3119(3) 2072(2) 82(2) 
F(2) 5701(4) 4075(2) 1517(2) 69(1) 
F(3) 4500(3) 3366(3) 1757(2) 82(2) 
F(4) 3910(3) 973(3) 1057(2) 64(1) 
F(5) 4402(3) 1068(2) 299(1) 53(1) 
F(6) 5196(3) 330(2) 857(1) 48(1) 
F(7) 5659(3) 2745(2) -1270(1) 48(1) 
F(8) 5218(3) 1555(3) -1088(2) 61(1) 
F(9) 6149(3) 1875(3) -1725(2) 61(1) 
F(10) 8976(4) 178(3) -1247(2) 75(1) 
F(11) 10008(4) 954(3) -1033(3) 106(2) 
F(12) 9471(3) 45(3) -510(2) 72(1) 
F(13) 11613(3) 2590(3) 30(2) 92(2) 
F(14) 12059(3) 1503(3) 402(2) 84(2) 
F(15) 12234(4) 2491(4) 743(2) 127(2) 
F(16) 9030(3) 458(2) 1908(1) 50(1) 
F(17) 10390(3) 924(2) 2126(1) 51(1) 
F(18) 9016(3) 1560(2) 2208(1) 47(1) 
F(19) 10023(3) 4991(3) 763(2) 69(1) 
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F(20) 8735(3) 4989(2) 1207(1) 48(1) 
F(21) 8962(4) 5958(2) 654(2) 71(1) 
F(22) 6994(3) 5924(2) -805(2) 63(1) 
F(23) 6403(3) 4846(2) -985(2) 59(1) 
F(24) 7851(3) 5170(2) -1222(1) 56(1) 
B(2) 2639(5) 2546(4) 3929(3) 28(2) 
C(73) 3773(4) 2344(3) 4120(2) 30(1) 
C(74) 4499(4) 2094(4) 3803(2) 34(2) 
C(76) 5721(5) 1918(4) 4449(3) 39(2) 
C(77) 5020(4) 2174(4) 4776(2) 34(2) 
C(78) 4064(4) 2373(4) 4611(2) 33(2) 
C(75) 5450(4) 1886(4) 3962(2) 37(2) 
C(79) 6205(13) 1568(12) 3621(6) 57(2) 
F(25) 6471(8) 861(5) 3709(3) 96(2) 
F(26) 5949(6) 1719(7) 3144(3) 87(2) 
F(27) 7053(5) 2014(5) 3635(3) 83(2) 
C(79') 6200(20) 1700(20) 3579(11) 57(2) 
F(25') 6369(16) 2231(10) 3229(7) 96(2) 
F(26') 6961(12) 1283(15) 3772(6) 87(2) 
F(27') 5818(11) 1104(12) 3317(7) 83(2) 
C(80) 5270(6) 2243(5) 5301(3) 54(2) 
C(81) 2093(4) 3131(3) 4298(2) 28(1) 
C(82) 2550(4) 3801(4) 4414(2) 31(1) 
C(83) 2160(5) 4296(4) 4749(2) 34(2) 
C(84) 1262(5) 4133(4) 4976(2) 35(2) 
C(85) 776(4) 3489(4) 4863(2) 31(1) 
C(86) 1184(4) 2995(4) 4543(2) 32(2) 
C(87) 2720(5) 4986(4) 4848(3) 43(2) 
C(88) -190(5) 3276(4) 5106(3) 46(2) 
C(89) 2047(4) 1723(4) 3955(2) 31(1) 
C(90) 2487(4) 992(4) 4135(2) 32(2) 
C(91) 1958(5) 307(4) 4191(2) 37(2) 
C(92) 964(5) 305(4) 4066(2) 38(2) 
C(93) 524(4) 1025(4) 3871(2) 36(2) 
C(94) 1057(4) 1712(3) 3824(2) 29(1) 
C(95) 2460(5) -464(4) 4396(3) 46(2) 
F(37) 1833(7) -986(7) 4611(9) 102(3) 
F(38) 2897(17) -789(9) 4058(4) 105(4) 
F(39) 3078(13) -392(6) 4749(6) 84(3) 
F(37') 3421(8) -489(8) 4285(10) 102(3) 
F(38') 2402(19) -610(11) 4864(4) 105(4) 
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F(39') 2151(14) -1071(6) 4211(8) 84(3) 
C(96) -548(5) 1060(4) 3739(3) 52(2) 
C(97) 2653(4) 3027(3) 3357(2) 26(1) 
C(98) 2024(4) 2900(3) 2972(2) 31(1) 
C(99) 2048(4) 3334(4) 2509(2) 34(2) 
C(100) 2710(4) 3928(4) 2400(2) 30(1) 
C(101) 3353(4) 4065(3) 2765(2) 27(1) 
C(102) 3326(4) 3630(3) 3234(2) 26(1) 
C(103) 1355(5) 3169(4) 2102(2) 41(2) 
C(104) 4079(4) 4708(4) 2661(2) 34(2) 
F(28) 6239(3) 2233(3) 5382(2) 63(1) 
F(29) 4897(3) 2921(3) 5450(2) 69(1) 
F(30) 4879(3) 1672(3) 5624(2) 71(1) 
F(31) 2714(3) 5559(2) 4460(2) 61(1) 
F(32) 3673(3) 4803(3) 4944(2) 75(2) 
F(33) 2374(3) 5327(2) 5233(1) 44(1) 
F(34) -628(3) 3880(2) 5304(2) 54(1) 
F(35) -82(3) 2706(3) 5488(2) 101(2) 
F(36) -834(3) 3043(3) 4805(2) 86(2) 
F(40) -1131(3) 1002(3) 4127(2) 90(2) 
F(41) -787(3) 447(3) 3501(2) 90(2) 
F(42) -804(3) 1675(3) 3434(2) 107(2) 
F(43) 750(3) 2597(3) 2247(2) 80(2) 
F(44) 792(3) 3801(3) 1933(2) 65(1) 
F(45) 1842(3) 2977(3) 1704(2) 57(1) 
F(46) 4196(3) 4955(2) 2180(1) 43(1) 
F(47) 4980(2) 4491(2) 2842(1) 42(1) 
F(48) 3804(3) 5353(2) 2880(1) 40(1) 
C(1A) 748(5) 9017(4) 2502(3) 52(2) 
Cl(1A) 1150(1) 9459(1) 3020(1) 54(1) 
Cl(2A) 1656(2) 8318(1) 2341(1) 63(1) 
Cl(3A) -349(2) 8546(2) 2640(1) 78(1) 
C(1B) 510(5) 5425(4) 3645(3) 46(2) 
Cl(1B) -199(1) 6194(1) 3324(1) 47(1) 
Cl(2B) -237(2) 4623(1) 3835(1) 74(1) 
Cl(3B) 1497(1) 5137(1) 3278(1) 67(1) 
C(1C) 3228(8) 766(6) 2611(4) 98(3) 
Cl(1C) 3954(3) 261(2) 3096(1) 112(1) 
Cl(2C) 3771(2) 1640(2) 2408(1) 93(1) 
Cl(3C) 3169(3) 124(3) 2148(1) 163(2) 
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Table A.8. Bond lengths [Å] and angles [deg] for 6. 
 
Atoms Bond length Atoms Bond length 
Ru(1)-N(3) 2.035(5) C(55)-F(8) 1.356(8) 
Ru(1)-N(2) 2.042(5) C(56)-F(11) 1.316(8) 
Ru(1)-N(4) 2.043(4) C(56)-F(12) 1.319(8) 
Ru(1)-N(1) 2.052(5) C(56)-F(10) 1.325(8) 
Ru(1)-Cl(1) 2.4325(15) C(57)-C(62) 1.404(8) 
Ru(1)-Cl(2) 2.4384(15) C(57)-C(58) 1.409(8) 
Ru(2)-N(6) 2.023(5) C(58)-C(59) 1.383(8) 
Ru(2)-N(7) 2.030(5) C(58)-H(58) 0.9500 
Ru(2)-N(5) 2.040(5) C(59)-C(60) 1.396(9) 
Ru(2)-N(8) 2.050(5) C(59)-C(63) 1.483(9) 
Ru(2)-Cl(1) 2.4297(15) C(60)-C(61) 1.377(8) 
Ru(2)-Cl(2) 2.4377(15) C(60)-H(60) 0.9500 
Cl(3)-C(3) 1.721(6) C(61)-C(62) 1.392(8) 
Cl(4)-C(8) 1.740(6) C(61)-C(64) 1.510(9) 
Cl(5)-C(13) 1.738(6) C(62)-H(62) 0.9500 
Cl(6)-C(18) 1.724(6) C(63)-F(15) 1.281(8) 
Cl(7)-C(23) 1.723(6) C(63)-F(13) 1.310(8) 
Cl(8)-C(28) 1.737(6) C(63)-F(14) 1.341(8) 
Cl(9)-C(33) 1.722(6) C(64)-F(18) 1.327(8) 
Cl(10)-C(38) 1.726(6) C(64)-F(17) 1.349(7) 
N(1)-C(1)  1.344(7) C(64)-F(16) 1.356(7) 
N(1)-C(5)  1.367(7) C(65)-C(66) 1.391(8) 
N(2)-C(10) 1.358(7) C(65)-C(70) 1.401(8) 
N(2)-C(6)  1.366(7) C(66)-C(67) 1.385(8) 
N(3)-C(11) 1.350(7) C(66)-H(66) 0.9500 
N(3)-C(15) 1.364(7) C(67)-C(68) 1.375(8) 
N(4)-C(20) 1.356(7) C(67)-C(71) 1.508(9) 
N(4)-C(16) 1.374(7) C(68)-C(69) 1.384(8) 
N(5)-C(21) 1.361(7) C(68)-H(68) 0.9500 
N(5)-C(25) 1.375(7) C(69)-C(70) 1.396(8) 
N(6)-C(26) 1.354(7) C(69)-C(72) 1.496(9) 
N(6)-C(30) 1.357(7) C(70)-H(70) 0.9500 
N(7)-C(31) 1.352(7) C(71)-F(19) 1.328(7) 
N(7)-C(35) 1.371(7) C(71)-F(20) 1.331(7) 
N(8)-C(40) 1.351(7) C(71)-F(21) 1.340(7) 
N(8)-C(36) 1.363(7) C(72)-F(23) 1.330(7) 
C(1)-C(2)  1.378(8) C(72)-F(22) 1.341(7) 
C(1)-H(1) 0.9500 C(72)-F(24) 1.343(8) 
C(2)-C(3)  1.367(8) B(2)-C(89) 1.641(9) 
C(2)-H(2) 0.9500 B(2)-C(73) 1.642(8) 
C(3)-C(4)  1.388(9) B(2)-C(81) 1.654(9) 
C(4)-C(5)  1.374(8) B(2)-C(97) 1.664(9) 
C(4)-H(4) 0.9500 C(73)-C(74) 1.393(8) 
C(5)-C(6)  1.488(8) C(73)-C(78) 1.400(8) 
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C(6)-C(7)  1.381(8) C(74)-C(75) 1.388(8) 
C(7)-C(8)  1.385(9) C(74)-H(74) 0.9500 
C(7)-H(7) 0.9500 C(76)-C(75) 1.380(9) 
C(8)-C(9)  1.372(8) C(76)-C(77) 1.392(9) 
C(9)-C(10) 1.357(8) C(76)-H(76) 0.9500 
C(9)-H(9) 0.9500 C(77)-C(78) 1.395(8) 
C(10)-H(10) 0.9500 C(77)-C(80) 1.487(9) 
C(11)-C(12) 1.374(8) C(78)-H(78) 0.9500 
C(11)-H(11) 0.9500 C(75)-C(79') 1.506(17) 
C(12)-C(13) 1.373(8) C(75)-C(79) 1.507(11) 
C(12)-H(12) 0.9500 C(79)-F(25) 1.247(19) 
C(13)-C(14) 1.375(8) C(79)-F(26) 1.33(2) 
C(14)-C(15) 1.371(8) C(79)-F(27) 1.41(2) 
C(14)-H(14) 0.9500 C(79')-F(25') 1.25(3) 
C(15)-C(16) 1.482(8) C(79')-F(26') 1.31(3) 
C(16)-C(17) 1.369(8) C(79')-F(27') 1.43(4) 
C(17)-C(18) 1.383(8) C(80)-F(28) 1.335(8) 
C(17)-H(17) 0.9500 C(80)-F(30) 1.349(9) 
C(18)-C(19) 1.391(8) C(80)-F(29) 1.357(8) 
C(19)-C(20) 1.367(8) C(81)-C(82) 1.393(8) 
C(19)-H(19) 0.9500 C(81)-C(86) 1.410(8) 
C(20)-H(20) 0.9500 C(82)-C(83) 1.404(8) 
C(21)-C(22) 1.369(8) C(82)-H(82) 0.9500 
C(21)-H(21) 0.9500 C(83)-C(84) 1.383(8) 
C(22)-C(23) 1.385(9) C(83)-C(87) 1.480(9) 
C(22)-H(22) 0.9500 C(84)-C(85) 1.372(9) 
C(23)-C(24) 1.391(8) C(84)-H(84) 0.9500 
C(24)-C(25) 1.384(8) C(85)-C(86) 1.384(8) 
C(24)-H(24) 0.9500 C(85)-C(88) 1.500(9) 
C(25)-C(26) 1.473(8) C(86)-H(86) 0.9500 
C(26)-C(27) 1.391(8) C(87)-F(33) 1.331(7) 
C(27)-C(28) 1.384(8) C(87)-F(32) 1.342(7) 
C(27)-H(27) 0.9500 C(87)-F(31) 1.349(8) 
C(28)-C(29) 1.382(8) C(88)-F(36) 1.306(8) 
C(29)-C(30) 1.365(8) C(88)-F(35) 1.339(8) 
C(29)-H(29) 0.9500 C(88)-F(34) 1.342(8) 
C(30)-H(30) 0.9500 C(89)-C(94) 1.395(8) 
C(31)-C(32) 1.381(8) C(89)-C(90) 1.404(8) 
C(31)-H(31) 0.9500 C(90)-C(91) 1.389(9) 
C(32)-C(33) 1.380(9) C(90)-H(90) 0.9500 
C(32)-H(32) 0.9500 C(91)-C(92) 1.395(9) 
C(33)-C(34) 1.374(9) C(91)-C(95) 1.512(9) 
C(34)-C(35) 1.376(8) C(92)-C(93) 1.398(8) 
C(34)-H(34) 0.9500 C(92)-H(92) 0.9500 
C(35)-C(36) 1.466(8) C(93)-C(94) 1.393(8) 
C(36)-C(37) 1.380(8) C(93)-C(96) 1.501(9) 
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C(37)-C(38) 1.388(8) C(94)-H(94) 0.9500 
C(37)-H(37) 0.9500 C(95)-F(38) 1.263(11) 
C(38)-C(39) 1.399(9) C(95)-F(38') 1.263(12) 
C(39)-C(40) 1.368(8) C(95)-F(39') 1.291(11) 
C(39)-H(39) 0.9500 C(95)-F(39) 1.298(10) 
C(40)-H(40) 0.9500 C(95)-F(37) 1.333(10) 
B(1)-C(57) 1.634(9) C(95)-F(37') 1.338(11) 
B(1)-C(49) 1.647(9) C(96)-F(42) 1.296(8) 
B(1)-C(41) 1.656(9) C(96)-F(40) 1.307(9) 
B(1)-C(65) 1.658(9) C(96)-F(41) 1.347(9) 
C(41)-C(46) 1.399(8) C(97)-C(98) 1.397(8) 
C(41)-C(42) 1.400(8) C(97)-C(102) 1.409(8) 
C(42)-C(43) 1.391(8) C(98)-C(99) 1.378(8) 
C(42)-H(42) 0.9500 C(98)-H(98) 0.9500 
C(43)-C(44) 1.382(8) C(99)-C(100) 1.383(8) 
C(43)-C(47) 1.487(9) C(99)-C(103) 1.514(9) 
C(44)-C(45) 1.377(8) C(100)-C(101) 1.372(8) 
C(44)-H(44) 0.9500 C(100)-H(100) 0.9500 
C(45)-C(46) 1.403(8) C(101)-C(102) 1.393(8) 
C(45)-C(48) 1.482(8) C(101)-C(104) 1.502(8) 
C(46)-H(46) 0.9500 C(102)-H(102) 0.9500 
C(47)-F(3) 1.319(7) C(103)-F(43) 1.321(7) 
C(47)-F(1) 1.322(8) C(103)-F(45) 1.331(7) 
C(47)-F(2) 1.331(7) C(103)-F(44) 1.341(8) 
C(48)-F(4) 1.328(7) C(104)-F(46) 1.331(7) 
C(48)-F(5) 1.346(7) C(104)-F(47) 1.346(7) 
C(48)-F(6) 1.347(7) C(104)-F(48) 1.358(7) 
C(49)-C(54) 1.396(8) C(1A)-Cl(3A) 1.734(7) 
C(49)-C(50) 1.405(8) C(1A)-Cl(1A) 1.776(8) 
C(50)-C(51) 1.376(8) C(1A)-Cl(2A) 1.778(7) 
C(50)-H(50) 0.9500 C(1A)-H(1A) 1.0000 
C(51)-C(52) 1.392(8) C(1B)-Cl(1B) 1.752(7) 
C(51)-C(55) 1.496(8) C(1B)-Cl(3B) 1.755(7) 
C(52)-C(53) 1.376(8) C(1B)-Cl(2B) 1.759(8) 
C(52)-H(52) 0.9500 C(1B)-H(1B) 1.0000 
C(53)-C(54) 1.405(8) C(1C)-Cl(2C) 1.719(10) 
C(53)-C(56) 1.492(9) C(1C)-Cl(1C) 1.770(12) 
C(54)-H(54) 0.9500 C(1C)-Cl(3C) 1.771(10) 
C(55)-F(7) 1.332(7) C(1C)-H(1C) 1.0000 
C(55)-F(9) 1.341(7)   
 
 
Atoms Bond angle Atoms Bond angle 
N(3)-Ru(1)-N(2) 100.65(19) F(8)-C(55)-C(51) 112.4(6) 
N(3)-Ru(1)-N(4) 79.31(18) F(11)-C(56)-F(12) 107.0(6) 
N(2)-Ru(1)-N(4) 93.28(18) F(11)-C(56)-F(10) 105.2(6) 
N(3)-Ru(1)-N(1) 97.80(18) F(12)-C(56)-F(10) 105.0(5) 
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N(2)-Ru(1)-N(1) 79.58(18) F(11)-C(56)-C(53) 111.8(5) 
N(4)-Ru(1)-N(1) 171.74(19) F(12)-C(56)-C(53) 113.9(6) 
N(3)-Ru(1)-Cl(1) 171.01(14) F(10)-C(56)-C(53) 113.4(6) 
N(2)-Ru(1)-Cl(1) 86.95(13) C(62)-C(57)-C(58) 115.8(5) 
N(4)-Ru(1)-Cl(1) 95.58(13) C(62)-C(57)-B(1) 124.6(5) 
N(1)-Ru(1)-Cl(1) 88.24(13) C(58)-C(57)-B(1) 119.6(5) 
N(3)-Ru(1)-Cl(2) 88.57(14) C(59)-C(58)-C(57) 122.6(6) 
N(2)-Ru(1)-Cl(2) 169.77(13) C(59)-C(58)-H(58) 118.7 
N(4)-Ru(1)-Cl(2) 92.77(13) C(57)-C(58)-H(58) 118.7 
N(1)-Ru(1)-Cl(2) 94.90(14) C(58)-C(59)-C(60) 120.1(6) 
Cl(1)-Ru(1)-Cl(2) 84.26(5) C(58)-C(59)-C(63) 120.8(6) 
N(6)-Ru(2)-N(7) 95.18(18) C(60)-C(59)-C(63) 119.1(6) 
N(6)-Ru(2)-N(5) 79.09(19) C(61)-C(60)-C(59) 118.6(6) 
N(7)-Ru(2)-N(5) 95.12(18) C(61)-C(60)-H(60) 120.7 
N(6)-Ru(2)-N(8) 96.37(19) C(59)-C(60)-H(60) 120.7 
N(7)-Ru(2)-N(8) 79.49(19) C(60)-C(61)-C(62) 121.2(6) 
N(5)-Ru(2)-N(8) 172.69(19) C(60)-C(61)-C(64) 120.3(5) 
N(6)-Ru(2)-Cl(1) 88.86(13) C(62)-C(61)-C(64) 118.4(6) 
N(7)-Ru(2)-Cl(1) 174.20(14) C(61)-C(62)-C(57) 121.6(6) 
N(5)-Ru(2)-Cl(1) 89.71(13) C(61)-C(62)-H(62) 119.2 
N(8)-Ru(2)-Cl(1) 95.97(14) C(57)-C(62)-H(62) 119.2 
N(6)-Ru(2)-Cl(2) 171.47(14) F(15)-C(63)-F(13) 108.2(7) 
N(7)-Ru(2)-Cl(2) 91.99(13) F(15)-C(63)-F(14) 102.6(6) 
N(5)-Ru(2)-Cl(2) 95.69(14) F(13)-C(63)-F(14) 103.3(6) 
N(8)-Ru(2)-Cl(2) 89.47(13) F(15)-C(63)-C(59) 114.9(6) 
Cl(1)-Ru(2)-Cl(2) 84.33(5) F(13)-C(63)-C(59) 115.0(6) 
Ru(2)-Cl(1)-Ru(1) 95.81(5) F(14)-C(63)-C(59) 111.5(6) 
Ru(2)-Cl(2)-Ru(1) 95.45(5) F(18)-C(64)-F(17) 107.2(5) 
C(1)-N(1)-C(5)  117.9(5) F(18)-C(64)-F(16) 106.2(6) 
C(1)-N(1)-Ru(1) 127.8(4) F(17)-C(64)-F(16) 105.5(5) 
C(5)-N(1)-Ru(1) 114.2(4) F(18)-C(64)-C(61) 113.7(5) 
C(10)-N(2)-C(6) 117.5(5) F(17)-C(64)-C(61) 112.7(6) 
C(10)-N(2)-Ru(1) 127.5(4) F(16)-C(64)-C(61) 110.9(5) 
C(6)-N(2)-Ru(1) 114.2(4) C(66)-C(65)-C(70) 114.7(5) 
C(11)-N(3)-C(15) 117.5(5) C(66)-C(65)-B(1) 120.6(5) 
C(11)-N(3)-Ru(1) 125.8(4) C(70)-C(65)-B(1) 124.6(5) 
C(15)-N(3)-Ru(1) 116.0(4) C(67)-C(66)-C(65) 123.3(5) 
C(20)-N(4)-C(16) 116.6(5) C(67)-C(66)-H(66) 118.4 
C(20)-N(4)-Ru(1) 126.8(4) C(65)-C(66)-H(66) 118.4 
C(16)-N(4)-Ru(1) 116.0(4) C(68)-C(67)-C(66) 120.9(6) 
C(21)-N(5)-C(25) 117.6(5) C(68)-C(67)-C(71) 120.3(6) 
C(21)-N(5)-Ru(2) 126.6(4) C(66)-C(67)-C(71) 118.9(6) 
C(25)-N(5)-Ru(2) 115.8(4) C(67)-C(68)-C(69) 118.0(6) 
C(26)-N(6)-C(30) 118.6(5) C(67)-C(68)-H(68) 121.0 
C(26)-N(6)-Ru(2) 115.9(4) C(69)-C(68)-H(68) 121.0 
C(30)-N(6)-Ru(2) 124.9(4) C(68)-C(69)-C(70) 120.5(6) 
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C(31)-N(7)-C(35) 118.2(5) C(68)-C(69)-C(72) 120.1(6) 
C(31)-N(7)-Ru(2) 125.8(4) C(70)-C(69)-C(72) 119.3(5) 
C(35)-N(7)-Ru(2) 115.8(4) C(69)-C(70)-C(65) 122.6(5) 
C(40)-N(8)-C(36) 117.8(5) C(69)-C(70)-H(70) 118.7 
C(40)-N(8)-Ru(2) 127.6(4) C(65)-C(70)-H(70) 118.7 
C(36)-N(8)-Ru(2) 114.6(4) F(19)-C(71)-F(20) 105.4(5) 
N(1)-C(1)-C(2)  122.8(6) F(19)-C(71)-F(21) 107.7(5) 
N(1)-C(1)-H(1)  118.6 F(20)-C(71)-F(21) 105.4(5) 
C(2)-C(1)-H(1)  118.6 F(19)-C(71)-C(67) 112.6(6) 
C(3)-C(2)-C(1)  118.9(6) F(20)-C(71)-C(67) 111.9(5) 
C(3)-C(2)-H(2)  120.6 F(21)-C(71)-C(67) 113.2(5) 
C(1)-C(2)-H(2)  120.6 F(23)-C(72)-F(22) 107.0(5) 
C(2)-C(3)-C(4)  119.5(6) F(23)-C(72)-F(24) 106.0(5) 
C(2)-C(3)-Cl(3) 120.8(5) F(22)-C(72)-F(24) 105.0(5) 
C(4)-C(3)-Cl(3) 119.8(5) F(23)-C(72)-C(69) 113.6(5) 
C(5)-C(4)-C(3)  119.3(6) F(22)-C(72)-C(69) 112.3(6) 
C(5)-C(4)-H(4)  120.4 F(24)-C(72)-C(69) 112.3(5) 
C(3)-C(4)-H(4)  120.4 C(89)-B(2)-C(73) 108.9(5) 
N(1)-C(5)-C(4)  121.6(5) C(89)-B(2)-C(81) 109.6(5) 
N(1)-C(5)-C(6)  114.6(5) C(73)-B(2)-C(81) 108.9(5) 
C(4)-C(5)-C(6)  123.7(6) C(89)-B(2)-C(97) 112.1(5) 
N(2)-C(6)-C(7)  122.4(6) C(73)-B(2)-C(97) 109.6(5) 
N(2)-C(6)-C(5)  114.3(5) C(81)-B(2)-C(97) 107.7(5) 
C(7)-C(6)-C(5)  123.3(6) C(74)-C(73)-C(78) 115.7(5) 
C(6)-C(7)-C(8)  117.7(6) C(74)-C(73)-B(2) 121.4(5) 
C(6)-C(7)-H(7)  121.1 C(78)-C(73)-B(2) 122.8(5) 
C(8)-C(7)-H(7)  121.1 C(75)-C(74)-C(73) 122.4(6) 
C(9)-C(8)-C(7)  120.3(6) C(75)-C(74)-H(74) 118.8 
C(9)-C(8)-Cl(4) 120.3(5) C(73)-C(74)-H(74) 118.8 
C(7)-C(8)-Cl(4) 119.4(5) C(75)-C(76)-C(77) 118.4(6) 
C(10)-C(9)-C(8) 119.2(6) C(75)-C(76)-H(76) 120.8 
C(10)-C(9)-H(9) 120.4 C(77)-C(76)-H(76) 120.8 
C(8)-C(9)-H(9)  120.4 C(76)-C(77)-C(78) 119.9(6) 
C(9)-C(10)-N(2) 122.6(6) C(76)-C(77)-C(80) 121.2(6) 
C(9)-C(10)-H(10) 118.7 C(78)-C(77)-C(80) 119.0(6) 
N(2)-C(10)-H(10) 118.7 C(77)-C(78)-C(73) 122.6(6) 
N(3)-C(11)-C(12) 123.1(6) C(77)-C(78)-H(78) 118.7 
N(3)-C(11)-H(11) 118.4 C(73)-C(78)-H(78) 118.7 
C(12)-C(11)-H(11) 118.4 C(76)-C(75)-C(74) 121.0(6) 
C(13)-C(12)-C(11) 118.0(6) C(76)-C(75)-C(79') 120.7(15) 
C(13)-C(12)-H(12) 121.0 C(74)-C(75)-C(79') 118.0(15) 
C(11)-C(12)-H(12) 121.0 C(76)-C(75)-C(79) 117.5(10) 
C(12)-C(13)-C(14) 120.6(6) C(74)-C(75)-C(79) 121.4(10) 
C(12)-C(13)-Cl(5) 119.8(5) F(25)-C(79)-F(26) 108.8(15) 
C(14)-C(13)-Cl(5) 119.7(5) F(25)-C(79)-F(27) 107.1(13) 
C(15)-C(14)-C(13) 118.7(5) F(26)-C(79)-F(27) 101.8(13) 
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C(15)-C(14)-H(14) 120.6 F(25)-C(79)-C(75) 118.0(13) 
C(13)-C(14)-H(14) 120.6 F(26)-C(79)-C(75) 112.2(12) 
N(3)-C(15)-C(14) 122.1(5) F(27)-C(79)-C(75) 107.6(14) 
N(3)-C(15)-C(16) 114.4(5) F(25')-C(79')-F(26') 118(2) 
C(14)-C(15)-C(16) 123.5(5) F(25')-C(79')-F(27') 101(2) 
C(17)-C(16)-N(4) 123.0(5) F(26')-C(79')-F(27') 96(2) 
C(17)-C(16)-C(15) 123.3(5) F(25')-C(79')-C(75) 118(2) 
N(4)-C(16)-C(15) 113.6(5) F(26')-C(79')-C(75) 113(2) 
C(16)-C(17)-C(18) 118.6(6) F(27')-C(79')-C(75) 107(2) 
C(16)-C(17)-H(17) 120.7 F(28)-C(80)-F(30) 107.9(6) 
C(18)-C(17)-H(17) 120.7 F(28)-C(80)-F(29) 106.6(6) 
C(17)-C(18)-C(19) 119.8(5) F(30)-C(80)-F(29) 104.2(6) 
C(17)-C(18)-Cl(6) 120.3(5) F(28)-C(80)-C(77) 113.1(6) 
C(19)-C(18)-Cl(6) 119.8(5) F(30)-C(80)-C(77) 112.6(6) 
C(20)-C(19)-C(18) 118.3(6) F(29)-C(80)-C(77) 112.0(6) 
C(20)-C(19)-H(19) 120.8 C(82)-C(81)-C(86) 113.8(6) 
C(18)-C(19)-H(19) 120.8 C(82)-C(81)-B(2) 120.8(5) 
N(4)-C(20)-C(19) 123.6(6) C(86)-C(81)-B(2) 125.3(5) 
N(4)-C(20)-H(20) 118.2 C(81)-C(82)-C(83) 123.9(6) 
C(19)-C(20)-H(20) 118.2 C(81)-C(82)-H(82) 118.1 
N(5)-C(21)-C(22) 123.0(6) C(83)-C(82)-H(82) 118.0 
N(5)-C(21)-H(21) 118.5 C(84)-C(83)-C(82) 119.6(6) 
C(22)-C(21)-H(21) 118.5 C(84)-C(83)-C(87) 121.4(6) 
C(21)-C(22)-C(23) 119.0(6) C(82)-C(83)-C(87) 119.0(6) 
C(21)-C(22)-H(22) 120.5 C(85)-C(84)-C(83) 118.4(6) 
C(23)-C(22)-H(22) 120.5 C(85)-C(84)-H(84) 120.8 
C(22)-C(23)-C(24) 119.6(6) C(83)-C(84)-H(84) 120.8 
C(22)-C(23)-Cl(7) 120.5(5) C(84)-C(85)-C(86) 121.2(6) 
C(24)-C(23)-Cl(7) 119.9(5) C(84)-C(85)-C(88) 120.6(6) 
C(25)-C(24)-C(23) 118.9(6) C(86)-C(85)-C(88) 118.1(6) 
C(25)-C(24)-H(24) 120.5 C(85)-C(86)-C(81) 123.0(6) 
C(23)-C(24)-H(24) 120.5 C(85)-C(86)-H(86) 118.5 
N(5)-C(25)-C(24) 121.8(5) C(81)-C(86)-H(86) 118.5 
N(5)-C(25)-C(26) 113.1(5) F(33)-C(87)-F(32) 106.4(5) 
C(24)-C(25)-C(26) 125.0(5) F(33)-C(87)-F(31) 105.6(5) 
N(6)-C(26)-C(27) 122.0(5) F(32)-C(87)-F(31) 105.7(6) 
N(6)-C(26)-C(25) 115.1(5) F(33)-C(87)-C(83) 113.5(6) 
C(27)-C(26)-C(25) 122.9(5) F(32)-C(87)-C(83) 112.4(6) 
C(28)-C(27)-C(26) 117.7(6) F(31)-C(87)-C(83) 112.6(6) 
C(28)-C(27)-H(27) 121.2 F(36)-C(88)-F(35) 107.2(7) 
C(26)-C(27)-H(27) 121.2 F(36)-C(88)-F(34) 105.9(5) 
C(29)-C(28)-C(27) 120.8(6) F(35)-C(88)-F(34) 104.7(6) 
C(29)-C(28)-Cl(8) 119.2(5) F(36)-C(88)-C(85) 113.9(6) 
C(27)-C(28)-Cl(8) 119.9(5) F(35)-C(88)-C(85) 111.9(6) 
C(30)-C(29)-C(28) 118.4(6) F(34)-C(88)-C(85) 112.5(6) 
C(30)-C(29)-H(29) 120.8 C(94)-C(89)-C(90) 115.8(6) 
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C(28)-C(29)-H(29) 120.8 C(94)-C(89)-B(2) 121.9(5) 
N(6)-C(30)-C(29) 122.5(6) C(90)-C(89)-B(2) 122.2(5) 
N(6)-C(30)-H(30) 118.7 C(91)-C(90)-C(89) 121.7(6) 
C(29)-C(30)-H(30) 118.7 C(91)-C(90)-H(90) 119.2 
N(7)-C(31)-C(32) 122.2(6) C(89)-C(90)-H(90) 119.2 
N(7)-C(31)-H(31) 118.9 C(90)-C(91)-C(92) 122.0(6) 
C(32)-C(31)-H(31) 118.9 C(90)-C(91)-C(95) 119.7(6) 
C(33)-C(32)-C(31) 118.9(6) C(92)-C(91)-C(95) 118.3(6) 
C(33)-C(32)-H(32) 120.6 C(91)-C(92)-C(93) 116.9(6) 
C(31)-C(32)-H(32) 120.6 C(91)-C(92)-H(92) 121.5 
C(34)-C(33)-C(32) 119.6(6) C(93)-C(92)-H(92) 121.5 
C(34)-C(33)-Cl(9) 120.7(5) C(94)-C(93)-C(92) 120.7(6) 
C(32)-C(33)-Cl(9) 119.6(5) C(94)-C(93)-C(96) 120.1(6) 
C(33)-C(34)-C(35) 119.7(6) C(92)-C(93)-C(96) 119.1(6) 
C(33)-C(34)-H(34) 120.2 C(93)-C(94)-C(89) 122.9(6) 
C(35)-C(34)-H(34) 120.2 C(93)-C(94)-H(94) 118.6 
N(7)-C(35)-C(34) 121.3(5) C(89)-C(94)-H(94) 118.6 
N(7)-C(35)-C(36) 113.7(5) F(38)-C(95)-F(38') 134.7(9) 
C(34)-C(35)-C(36) 124.9(6) F(38)-C(95)-F(39') 55.4(8) 
N(8)-C(36)-C(37) 121.6(5) F(38')-C(95)-F(39') 107.4(10) 
N(8)-C(36)-C(35) 115.6(5) F(38)-C(95)-F(39) 109.2(9) 
C(37)-C(36)-C(35) 122.6(5) F(38')-C(95)-F(39) 47.6(9) 
C(36)-C(37)-C(38) 119.4(6) F(39')-C(95)-F(39) 132.3(8) 
C(36)-C(37)-H(37) 120.3 F(38)-C(95)-F(37) 106.3(9) 
C(38)-C(37)-H(37) 120.3 F(38')-C(95)-F(37) 58.9(9) 
C(37)-C(38)-C(39) 119.4(6) F(39')-C(95)-F(37) 53.7(8) 
C(37)-C(38)-Cl(10) 120.2(5) F(39)-C(95)-F(37) 103.3(9) 
C(39)-C(38)-Cl(10) 120.4(5) F(38)-C(95)-F(37') 51.0(8) 
C(40)-C(39)-C(38) 117.7(6) F(38')-C(95)-F(37') 106.0(10) 
C(40)-C(39)-H(39) 121.2 F(39')-C(95)-F(37') 102.1(10) 
C(38)-C(39)-H(39) 121.2 F(39)-C(95)-F(37') 62.2(9) 
N(8)-C(40)-C(39) 124.0(6) F(37)-C(95)-F(37') 134.4(8) 
N(8)-C(40)-H(40) 118.0 F(38)-C(95)-C(91) 111.5(7) 
C(39)-C(40)-H(40) 118.0 F(38')-C(95)-C(91) 113.5(8) 
C(57)-B(1)-C(49) 110.6(5) F(39')-C(95)-C(91) 114.5(7) 
C(57)-B(1)-C(41) 111.2(5) F(39)-C(95)-C(91) 113.1(7) 
C(49)-B(1)-C(41) 108.8(5) F(37)-C(95)-C(91) 112.9(7) 
C(57)-B(1)-C(65) 107.5(5) F(37')-C(95)-C(91) 112.4(7) 
C(49)-B(1)-C(65) 110.9(5) F(42)-C(96)-F(40) 109.9(7) 
C(41)-B(1)-C(65) 107.7(5) F(42)-C(96)-F(41) 104.3(7) 
C(46)-C(41)-C(42) 115.0(5) F(40)-C(96)-F(41) 103.6(6) 
C(46)-C(41)-B(1) 122.7(5) F(42)-C(96)-C(93) 113.4(6) 
C(42)-C(41)-B(1) 122.3(5) F(40)-C(96)-C(93) 113.3(6) 
C(43)-C(42)-C(41) 122.4(6) F(41)-C(96)-C(93) 111.5(6) 
C(43)-C(42)-H(42) 118.8 C(98)-C(97)-C(102) 114.7(5) 
C(41)-C(42)-H(42) 118.8 C(98)-C(97)-B(2) 125.3(5) 
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C(44)-C(43)-C(42) 121.3(6) C(102)-C(97)-B(2) 120.0(5) 
C(44)-C(43)-C(47) 119.4(6) C(99)-C(98)-C(97) 122.9(5) 
C(42)-C(43)-C(47) 119.4(5) C(99)-C(98)-H(98) 118.5 
C(45)-C(44)-C(43) 118.1(6) C(97)-C(98)-H(98) 118.5 
C(45)-C(44)-H(44) 121.0 C(98)-C(99)-C(100) 121.1(6) 
C(43)-C(44)-H(44) 121.0 C(98)-C(99)-C(103) 120.9(6) 
C(44)-C(45)-C(46) 120.4(6) C(100)-C(99)-C(103) 118.0(6) 
C(44)-C(45)-C(48) 121.6(6) C(101)-C(100)-C(99) 118.0(6) 
C(46)-C(45)-C(48) 118.0(6) C(101)-C(100)-H(100) 121.0 
C(41)-C(46)-C(45) 122.8(6) C(99)-C(100)-H(100) 121.0 
C(41)-C(46)-H(46) 118.6 C(100)-C(101)-C(102) 120.9(5) 
C(45)-C(46)-H(46) 118.6 C(100)-C(101)-C(104) 119.4(5) 
F(3)-C(47)-F(1) 105.0(6) C(102)-C(101)-C(104) 119.6(5) 
F(3)-C(47)-F(2) 106.0(6) C(101)-C(102)-C(97) 122.4(5) 
F(1)-C(47)-F(2) 104.4(6) C(101)-C(102)-H(102) 118.8 
F(3)-C(47)-C(43) 113.6(6) C(97)-C(102)-H(102) 118.8 
F(1)-C(47)-C(43) 112.8(6) F(43)-C(103)-F(45) 107.7(6) 
F(2)-C(47)-C(43) 114.2(5) F(43)-C(103)-F(44) 106.7(6) 
F(4)-C(48)-F(5) 106.5(5) F(45)-C(103)-F(44) 104.7(5) 
F(4)-C(48)-F(6) 106.0(5) F(43)-C(103)-C(99) 112.9(5) 
F(5)-C(48)-F(6) 104.3(5) F(45)-C(103)-C(99) 111.8(5) 
F(4)-C(48)-C(45) 113.5(5) F(44)-C(103)-C(99) 112.5(6) 
F(5)-C(48)-C(45) 112.9(5) F(46)-C(104)-F(47) 106.8(5) 
F(6)-C(48)-C(45) 112.9(5) F(46)-C(104)-F(48) 106.2(5) 
C(54)-C(49)-C(50) 114.0(5) F(47)-C(104)-F(48) 105.3(5) 
C(54)-C(49)-B(1) 124.1(5) F(46)-C(104)-C(101) 113.9(5) 
C(50)-C(49)-B(1) 121.9(5) F(47)-C(104)-C(101) 112.4(5) 
C(51)-C(50)-C(49) 123.9(6) F(48)-C(104)-C(101) 111.6(5) 
C(51)-C(50)-H(50) 118.0 Cl(3A)-C(1A)-Cl(1A) 110.3(4) 
C(49)-C(50)-H(50) 118.0 Cl(3A)-C(1A)-Cl(2A) 109.2(4) 
C(50)-C(51)-C(52) 120.2(6) Cl(1A)-C(1A)-Cl(2A) 109.7(4) 
C(50)-C(51)-C(55) 119.9(6) Cl(3A)-C(1A)-H(1A) 109.2 
C(52)-C(51)-C(55) 119.9(6) Cl(1A)-C(1A)-H(1A) 109.2 
C(53)-C(52)-C(51) 118.4(6) Cl(2A)-C(1A)-H(1A) 109.2 
C(53)-C(52)-H(52) 120.8 Cl(1B)-C(1B)-Cl(3B) 111.2(4) 
C(51)-C(52)-H(52) 120.8 Cl(1B)-C(1B)-Cl(2B) 109.9(4) 
C(52)-C(53)-C(54) 120.2(6) Cl(3B)-C(1B)-Cl(2B) 110.7(4) 
C(52)-C(53)-C(56) 120.0(6) Cl(1B)-C(1B)-H(1B) 108.3 
C(54)-C(53)-C(56) 119.7(6) Cl(3B)-C(1B)-H(1B) 108.3 
C(49)-C(54)-C(53) 123.1(5) Cl(2B)-C(1B)-H(1B) 108.3 
C(49)-C(54)-H(54) 118.4 Cl(2C)-C(1C)-Cl(1C) 108.4(6) 
C(53)-C(54)-H(54) 118.4 Cl(2C)-C(1C)-Cl(3C) 113.4(6) 
F(7)-C(55)-F(9) 106.0(6) Cl(1C)-C(1C)-Cl(3C) 106.1(6) 
F(7)-C(55)-F(8) 105.7(5) Cl(2C)-C(1C)-H(1C) 109.6 
F(9)-C(55)-F(8) 106.4(5) Cl(1C)-C(1C)-H(1C) 109.6 
F(7)-C(55)-C(51) 112.8(5) Cl(3C)-C(1C)-H(1C) 109.6 
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F(9)-C(55)-C(51) 112.9(5)   
 
  
Table A.9. Anisotropic displacement parameters (Å
2
 x 10
3
) for 6. 
    
Atom U11 U22 U33 U23 U13 U12 
Ru(1) 25(1) 27(1) 27(1) -1(1) -4(1) -5(1) 
Ru(2) 25(1) 30(1) 28(1) -2(1) -5(1) -6(1) 
Cl(1) 25(1) 33(1) 28(1) -3(1) -5(1) -5(1) 
Cl(2) 25(1) 33(1) 30(1) -4(1) -7(1) -4(1) 
Cl(3) 48(1) 35(1) 80(1) 19(1) 1(1) 3(1) 
Cl(4) 26(1) 50(1) 65(1) -2(1) 0(1) -4(1) 
Cl(5) 48(1) 40(1) 39(1) -5(1) -19(1) -6(1) 
Cl(6) 47(1) 28(1) 44(1) 6(1) -1(1) -5(1) 
Cl(7) 53(1) 32(1) 42(1) 4(1) -1(1) 1(1) 
Cl(8) 76(1) 50(1) 36(1) -5(1) -17(1) -24(1) 
Cl(9) 31(1) 54(1) 81(1) -6(1) 16(1) -7(1) 
Cl(10) 53(1) 33(1) 51(1) 6(1) -9(1) -16(1) 
N(1) 26(3) 28(3) 24(3) -1(2) -7(2) -2(2) 
N(2) 28(3) 25(3) 28(3) -2(2) -9(2) -4(2) 
N(3) 26(3) 29(3) 31(3) 1(2) -2(2) -7(2) 
N(4) 22(2) 20(3) 31(3) -4(2) 1(2) -5(2) 
N(5) 19(2) 35(3) 25(3) -1(2) 2(2) -5(2) 
N(6) 24(3) 31(3) 28(3) -4(2) -2(2) -4(2) 
N(7) 32(3) 34(3) 23(3) -5(2) -9(2) -12(2) 
N(8) 37(3) 25(3) 23(3) -4(2) -6(2) -4(2) 
C(1) 28(3) 34(4) 33(4) -3(3) -6(3) -5(3) 
C(2) 38(4) 33(4) 37(4) 4(3) -1(3) -5(3) 
C(3) 39(4) 26(3) 36(4) 2(3) -3(3) 1(3) 
C(4) 33(3) 32(4) 36(4) -1(3) -5(3) 6(3) 
C(5) 36(4) 26(3) 20(3) -4(3) 0(3) -8(3) 
C(6) 29(3) 35(4) 27(3) -8(3) -6(3) -6(3) 
C(7) 32(4) 32(4) 39(4) -7(3) -1(3) -4(3) 
C(8) 27(3) 38(4) 43(4) -9(3) 0(3) -3(3) 
C(9) 29(4) 37(4) 37(4) -2(3) 0(3) -8(3) 
C(10) 37(4) 32(4) 29(4) 2(3) -1(3) -9(3) 
C(11) 34(3) 25(3) 32(4) -4(3) -7(3) -5(3) 
C(12) 35(4) 30(3) 34(4) -4(3) -5(3) -3(3) 
C(13) 35(4) 34(4) 27(4) -8(3) -4(3) -1(3) 
C(14) 35(3) 30(3) 24(3) -3(3) -6(3) -2(3) 
C(15) 19(3) 28(3) 32(4) -3(3) 2(3) 0(2) 
C(16) 20(3) 34(3) 24(3) -4(3) 0(3) 1(3) 
C(17) 22(3) 30(3) 26(3) -5(3) 3(3) 2(3) 
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C(18) 25(3) 27(3) 35(4) 1(3) 1(3) 0(3) 
C(19) 29(3) 27(3) 38(4) -10(3) 7(3) -6(3) 
C(20) 24(3) 39(4) 28(4) -7(3) 0(3) -2(3) 
C(21) 27(3) 39(4) 30(4) 3(3) -11(3) -2(3) 
C(22) 28(3) 41(4) 32(4) -1(3) -6(3) 7(3) 
C(23) 31(3) 37(4) 36(4) 3(3) 9(3) -1(3) 
C(24) 35(4) 40(4) 28(4) -6(3) -3(3) -3(3) 
C(25) 20(3) 34(4) 28(3) -1(3) -2(3) -4(3) 
C(26) 20(3) 32(3) 30(4) -1(3) 3(3) -5(3) 
C(27) 37(4) 29(3) 33(4) -1(3) 3(3) -7(3) 
C(28) 43(4) 37(4) 26(4) -5(3) -2(3) -8(3) 
C(29) 36(4) 40(4) 24(3) -2(3) -3(3) -9(3) 
C(30) 33(4) 44(4) 31(4) 1(3) -5(3) -10(3) 
C(31) 31(4) 34(4) 43(4) -6(3) -4(3) -1(3) 
C(32) 27(3) 40(4) 39(4) -7(3) -5(3) -7(3) 
C(33) 26(3) 47(4) 40(4) -10(3) 1(3) -8(3) 
C(34) 34(4) 42(4) 40(4) -3(3) 4(3) -16(3) 
C(35) 29(3) 30(3) 28(3) -5(3) -2(3) -5(3) 
C(36) 27(3) 36(4) 27(3) -10(3) 0(3) -12(3) 
C(37) 29(3) 30(3) 36(4) -6(3) -5(3) -8(3) 
C(38) 47(4) 31(4) 32(4) -1(3) -7(3) -21(3) 
C(39) 32(4) 40(4) 31(4) -3(3) -8(3) -4(3) 
C(40) 32(4) 46(4) 26(4) -3(3) 2(3) -9(3) 
B(1) 31(4) 30(4) 27(4) -6(3) 0(3) -9(3) 
C(41) 24(3) 31(3) 30(4) 1(3) -7(3) 1(3) 
C(42) 33(3) 30(3) 27(3) 0(3) -10(3) 1(3) 
C(43) 25(3) 31(3) 33(4) -1(3) -2(3) 1(3) 
C(44) 31(3) 36(4) 34(4) 3(3) 0(3) -2(3) 
C(45) 23(3) 33(3) 32(4) 5(3) -8(3) -3(3) 
C(46) 34(4) 26(3) 33(4) -5(3) -7(3) 5(3) 
C(47) 42(4) 43(4) 36(4) -4(3) 11(3) -7(3) 
C(48) 32(4) 41(4) 32(4) 2(3) -2(3) -3(3) 
C(49) 26(3) 24(3) 31(4) 1(3) 3(3) -6(3) 
C(50) 32(3) 30(3) 30(4) -6(3) 2(3) -6(3) 
C(51) 22(3) 41(4) 31(4) -4(3) -2(3) -7(3) 
C(52) 30(3) 36(4) 33(4) -11(3) 3(3) -12(3) 
C(53) 35(3) 22(3) 31(4) 0(3) 10(3) -6(3) 
C(54) 24(3) 30(3) 33(4) -4(3) -5(3) -8(3) 
C(55) 32(4) 55(5) 39(4) -20(4) 1(3) 0(3) 
C(56) 44(4) 33(4) 53(5) -10(4) 8(4) -6(3) 
C(57) 31(3) 20(3) 33(4) -7(3) -4(3) -6(3) 
C(58) 37(4) 28(3) 28(4) -5(3) -3(3) -6(3) 
C(59) 26(3) 31(3) 43(4) -14(3) -2(3) -5(3) 
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C(60) 29(3) 26(3) 47(4) -12(3) -4(3) -3(3) 
C(61) 35(4) 23(3) 35(4) -8(3) -10(3) 1(3) 
C(62) 29(3) 26(3) 32(4) -7(3) -2(3) -3(3) 
C(63) 35(4) 46(4) 53(5) -17(4) -4(3) -4(3) 
C(64) 44(4) 31(4) 51(5) 1(3) -10(4) -8(3) 
C(65) 26(3) 27(3) 28(3) -5(3) 4(3) -2(3) 
C(66) 32(3) 33(4) 26(3) 2(3) -1(3) 1(3) 
C(67) 32(3) 29(3) 34(4) -7(3) 3(3) -4(3) 
C(68) 42(4) 27(3) 36(4) -4(3) 6(3) -5(3) 
C(69) 29(3) 34(4) 29(4) -6(3) -1(3) -2(3) 
C(70) 30(3) 35(4) 26(4) -6(3) 0(3) -5(3) 
C(71) 40(4) 40(4) 44(5) -9(3) -6(3) -11(3) 
C(72) 52(4) 35(4) 36(4) 0(3) -2(4) -1(3) 
F(1) 138(5) 66(3) 47(3) -27(2) -19(3) 22(3) 
F(2) 104(4) 30(2) 75(3) -14(2) 48(3) -15(2) 
F(3) 57(3) 84(3) 117(4) -61(3) 41(3) -17(3) 
F(4) 52(3) 68(3) 78(3) -22(2) 17(2) -32(2) 
F(5) 66(3) 50(2) 43(2) 4(2) -27(2) -23(2) 
F(6) 48(2) 33(2) 59(3) 3(2) -17(2) -10(2) 
F(7) 41(2) 58(3) 46(2) -11(2) -16(2) 6(2) 
F(8) 35(2) 70(3) 79(3) -13(2) -10(2) -15(2) 
F(9) 45(2) 102(4) 43(3) -35(2) -13(2) 16(2) 
F(10) 90(3) 77(3) 65(3) -39(3) -22(3) 36(3) 
F(11) 64(3) 60(3) 198(6) -30(3) 70(3) -10(3) 
F(12) 82(3) 79(3) 53(3) -9(2) -5(2) 45(3) 
F(13) 46(3) 116(4) 97(4) 48(3) 25(3) 20(3) 
F(14) 71(3) 70(3) 105(4) 7(3) 39(3) 17(3) 
F(15) 67(3) 216(6) 123(4) -110(5) 41(3) -75(4) 
F(16) 63(3) 44(2) 44(2) 1(2) -14(2) -18(2) 
F(17) 47(2) 52(2) 50(2) 10(2) -20(2) 0(2) 
F(18) 59(2) 52(2) 31(2) -6(2) -6(2) -1(2) 
F(19) 38(2) 101(4) 78(3) -49(3) -2(2) -16(2) 
F(20) 59(2) 56(2) 33(2) -14(2) 1(2) -16(2) 
F(21) 117(4) 37(2) 60(3) -4(2) -24(3) -28(2) 
F(22) 89(3) 39(2) 59(3) -1(2) -22(2) 16(2) 
F(23) 50(3) 63(3) 59(3) 13(2) -23(2) -12(2) 
F(24) 63(3) 70(3) 32(2) 8(2) -1(2) -3(2) 
B(2) 21(3) 33(4) 31(4) -4(3) 2(3) -6(3) 
C(73) 28(3) 33(4) 28(4) -2(3) -3(3) 0(3) 
C(74) 27(3) 40(4) 36(4) -9(3) -1(3) 1(3) 
C(76) 32(4) 35(4) 48(4) 1(3) -6(3) -2(3) 
C(77) 33(4) 35(4) 32(4) 1(3) -5(3) 4(3) 
C(78) 30(3) 35(4) 35(4) -5(3) 0(3) -1(3) 
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C(75) 27(3) 48(4) 37(4) -12(3) -1(3) 1(3) 
C(79) 40(4) 76(5) 53(4) -7(4) -15(3) 11(4) 
F(25) 114(5) 69(4) 106(5) -21(3) 36(4) 25(3) 
F(26) 65(4) 147(6) 51(3) -28(4) 0(3) 37(4) 
F(27) 57(3) 100(4) 97(5) -35(4) 26(3) -7(3) 
C(79') 40(4) 76(5) 53(4) -7(4) -15(3) 11(4) 
F(25') 114(5) 69(4) 106(5) -21(3) 36(4) 25(3) 
F(26') 65(4) 147(6) 51(3) -28(4) 0(3) 37(4) 
F(27') 57(3) 100(4) 97(5) -35(4) 26(3) -7(3) 
C(80) 48(5) 63(5) 53(5) -12(4) -17(4) 11(4) 
C(81) 23(3) 32(3) 28(3) 3(3) -3(3) 0(3) 
C(82) 27(3) 40(4) 26(3) -5(3) 0(3) -1(3) 
C(83) 39(4) 37(4) 24(3) 0(3) -4(3) -1(3) 
C(84) 39(4) 35(4) 31(4) 1(3) 3(3) 4(3) 
C(85) 28(3) 33(4) 31(4) -1(3) 2(3) 3(3) 
C(86) 31(3) 34(4) 31(4) -1(3) -4(3) 0(3) 
C(87) 35(4) 47(4) 49(5) -16(4) 3(3) 0(3) 
C(88) 37(4) 53(5) 47(5) -9(4) 10(4) 2(4) 
C(89) 32(3) 39(4) 21(3) -6(3) 1(3) 5(3) 
C(90) 28(3) 34(4) 34(4) -6(3) -2(3) 0(3) 
C(91) 41(4) 36(4) 34(4) -5(3) -6(3) 3(3) 
C(92) 44(4) 30(4) 41(4) 0(3) 0(3) -8(3) 
C(93) 31(3) 33(4) 44(4) 2(3) -2(3) 1(3) 
C(94) 27(3) 30(3) 30(4) 0(3) 1(3) 1(3) 
C(95) 48(4) 39(4) 52(4) -4(3) -7(3) -5(3) 
F(37) 54(4) 52(5) 184(10) 52(6) 6(5) 2(3) 
F(38) 177(12) 78(8) 54(4) -5(4) 7(5) 68(7) 
F(39) 111(7) 34(4) 109(7) -9(5) -74(6) 12(5) 
F(37') 54(4) 52(5) 184(10) 52(6) 6(5) 2(3) 
F(38') 177(12) 78(8) 54(4) -5(4) 7(5) 68(7) 
F(39') 111(7) 34(4) 109(7) -9(5) -74(6) 12(5) 
C(96) 44(4) 42(4) 67(6) 11(4) -9(4) -8(4) 
C(97) 26(3) 27(3) 24(3) -5(3) 2(3) 0(3) 
C(98) 32(3) 29(3) 30(4) 0(3) 3(3) -9(3) 
C(99) 28(3) 40(4) 34(4) -12(3) -4(3) -5(3) 
C(100) 32(3) 37(4) 23(3) -4(3) -1(3) -4(3) 
C(101) 20(3) 30(3) 34(4) -7(3) -2(3) 1(3) 
C(102) 26(3) 30(3) 23(3) -6(3) -1(3) -4(3) 
C(103) 41(4) 54(5) 29(4) 2(3) 3(3) -23(4) 
C(104) 28(3) 41(4) 33(4) -6(3) 0(3) -6(3) 
F(28) 52(3) 82(3) 56(3) -21(2) -28(2) 17(2) 
F(29) 73(3) 84(3) 55(3) -37(3) -28(2) 37(3) 
F(30) 76(3) 92(4) 41(3) 5(3) -3(2) 17(3) 
179 
 
F(31) 97(3) 48(3) 41(2) -8(2) 16(2) -29(2) 
F(32) 36(2) 76(3) 125(4) -64(3) -14(3) 3(2) 
F(33) 46(2) 48(2) 39(2) -18(2) -1(2) 0(2) 
F(34) 37(2) 64(3) 66(3) -22(2) 14(2) 3(2) 
F(35) 67(3) 94(4) 122(5) 57(3) 58(3) 27(3) 
F(36) 49(3) 130(5) 94(4) -68(4) 32(3) -39(3) 
F(40) 31(2) 137(5) 98(4) 5(4) 9(3) 8(3) 
F(41) 46(3) 80(4) 150(5) -29(4) -25(3) -17(3) 
F(42) 45(3) 68(3) 190(6) 69(4) -56(3) -22(2) 
F(43) 91(3) 107(4) 43(3) 6(3) -19(2) -71(3) 
F(44) 48(3) 93(4) 56(3) -16(3) -28(2) 8(2) 
F(45) 57(3) 80(3) 38(2) -24(2) -5(2) -11(2) 
F(46) 51(2) 50(2) 28(2) -4(2) 1(2) -17(2) 
F(47) 24(2) 47(2) 53(2) 1(2) -5(2) -7(2) 
F(48) 44(2) 38(2) 42(2) -15(2) 1(2) -8(2) 
C(1A) 49(4) 45(4) 61(5) 6(4) 5(4) -11(4) 
Cl(1A) 50(1) 58(1) 55(1) -14(1) -8(1) 2(1) 
Cl(2A) 71(1) 64(1) 56(1) -20(1) -9(1) 4(1) 
Cl(3A) 51(1) 100(2) 82(2) 8(1) -15(1) -30(1) 
C(1B) 38(4) 54(5) 47(4) -11(4) -6(3) 12(3) 
Cl(1B) 36(1) 51(1) 56(1) -12(1) -10(1) 7(1) 
Cl(2B) 76(2) 73(2) 68(2) 23(1) -19(1) -1(1) 
Cl(3B) 53(1) 99(2) 49(1) -17(1) -4(1) 32(1) 
C(1C) 102(8) 93(8) 105(9) -34(7) 26(7) -32(6) 
Cl(1C) 191(3) 59(2) 86(2) -12(1) 23(2) 4(2) 
Cl(2C) 128(2) 76(2) 74(2) -4(1) 22(2) -1(2) 
Cl(3C) 170(3) 232(4) 113(3) -92(3) 63(2) -136(3) 
 
     
Table A.10. Hydrogen coordinates ( x 10^4) and isotropic displacement parameters (Å
2
 
x 10
3
) for 6. 
Atom x y z U(eq) 
H(1) 6395 5249 2340 38 
H(2) 6822 3995 2713 44 
H(4) 9685 4526 2531 41 
H(7) 10722 5417 2219 41 
H(9) 10944 7388 1244 41 
H(10) 9259 7515 1219 40 
H(11) 6744 5347 1376 36 
H(12) 5804 5179 690 39 
H(14) 5970 7508 239 36 
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H(17) 6780 8562 350 32 
H(19) 8157 9647 1389 36 
H(20) 8079 8502 1928 36 
H(21) 5588 8532 2045 39 
H(22) 5654 9849 1749 41 
H(24) 7292 10177 2946 41 
H(27) 7889 9597 3664 40 
H(29) 7931 7581 4624 40 
H(30) 7072 6984 4050 44 
H(31) 4592 8583 3003 43 
H(32) 2963 8534 3270 42 
H(34) 3390 6218 3731 46 
H(37) 4529 5311 3938 38 
H(39) 7393 4640 3747 41 
H(40) 7638 5869 3322 42 
H(42) 6971 3315 1048 36 
H(44) 4466 2143 1381 41 
H(46) 6382 1431 361 37 
H(50) 6458 2544 -430 36 
H(52) 7526 1016 -1338 39 
H(54) 9062 1420 -127 35 
H(58) 9848 2608 118 37 
H(60) 11127 1506 1368 40 
H(62) 8156 1678 1263 34 
H(66) 8767 3674 760 37 
H(68) 8163 5718 -105 42 
H(70) 7283 3654 -513 36 
H(74) 4337 2065 3465 41 
H(76) 6370 1769 4558 47 
H(78) 3592 2535 4842 40 
H(82) 3161 3932 4258 37 
H(84) 989 4459 5205 42 
H(86) 835 2544 4485 39 
H(90) 3165 965 4221 39 
H(92) 603 -164 4111 46 
H(94) 732 2193 3697 35 
H(98) 1559 2497 3032 37 
H(100) 2718 4232 2082 36 
H(102) 3776 3744 3479 31 
H(1A) 644 9433 2213 63 
H(1B) 784 5615 3948 56 
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H(1C) 2550 873 2739 117 
 
Table A.11. Crystal data and structure refinement for cis-[Ru(bpy)2(CH3CN){ 
P(C6H4F)3}] (CF3SO3)2 (7′) 
Compound    7’ 
Empirical formula                   C44H34F9N6O6PRuS2 
Formula weight                       1109.93 
Temperature                          90.0(2) K 
Wavelength                           0.71073 Å 
Crystal system               Monoclinic 
Space group             P 21/c 
Unit cell dimensions                a = 11.0300(1) Å    
                                           b = 21.2665(2) Å   
                                            c = 20.0105(2) Å    
     α = 90° 
     β = 101.6098(3)° 
     γ = 90° 
Volume                               4597.82(8) Å
3
 
Z                                                                         4 
Calculated density                1.603 Mg/m
3
 
Absorption coefficient              0.558 mm
-1
 
F(000)                               2240 
Crystal size                         0.25 x 0.20 x 0.20 mm  
Theta range for data collection     1.88 to 27.49 deg. 
    Limiting indices                   -14<=h<=14, -27<=k<=27, -25<=l<=25 
    Reflections collected        114055   
    Absorption correction               Semi-empirical from equivalents 
    Max. and min. transmission          0.897 and 0.763 
    Refinement method                   Full-matrix least-squares on F
2
 
    Data / restraints / parameters      10537 / 0 / 624 
    Goodness-of-fit on F
2
              1.061 
    Final R indices [I>2σ(I)]        R1 = 0.0359, wR2 = 0.0838 
      R indices (all data)                R1 = 0.0487, wR2 = 0.0907 
      Largest diff. peak and hole         2.013 and -0.877 e.A
-3
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Table A.12. Atomic coordinates ( x 10
4
) and equivalent isotropic displacement 
parameters (Å
2
 x 10
3
) for 7’. 
Atom x y z U(eq) 
Ru(1) 1446(1) 7701(1) 6820(1) 12(1) 
P(1) 2604(1) 7925(1) 5994(1) 13(1) 
N(1) 3017(2) 7653(1) 7564(1) 13(1) 
N(2) 1862(2) 6760(1) 784(1) 15(1) 
N(3) 384(2) 7516(1) 7567(1) 15(1) 
N(4) 1051(2) 8613(1) 7109(1) 13(1) 
N(5) -204(2) 7668(1) 6140(1) 14(1) 
F(1) 3092(1) 5838(1) 4087(1) 26(1) 
F(2) 7523(1) 8967(1) 282(1) 34(1) 
F(3) 850(2) 9612(1) 3635(1) 43(1) 
C(1) 3602(2) 8142(1) 7914(1) 17(1) 
C(2) 4664(2) 8073(1) 8411(1) 21(1) 
C(3) 5135(2) 7476(1) 8560(1) 22(1) 
C(4) 4543(2) 6967(1) 8207(1) 20(1) 
C(5) 3486(2) 7064(1) 7709(1) 16(1) 
C(6) 2816(2) 6559(1) 7284(1) 15(1) 
C(7) 3107(2) 5925(1) 7377(1) 20(1) 
C(8) 2431(2) 5486(1) 6945(1) 23(1) 
C(9) 1477(2) 5690(1) 6429(1) 20(1) 
C(10) 1212(2) 6324(1) 6365(1) 18(1) 
C(11) 21(2) 6948(1) 7746(1) 20(1) 
C(12) -753(2) 6872(1) 8209(1) 21(1) 
C(13) -1167(2) 7399(1) 8494(1) 23(1) 
C(14) -803(2) 7986(1) 8313(1) 20(1) 
C(15) -21(2) 8033(1) 7849(1) 15(1) 
C(16) 411(2) 8640(1) 7628(1) 15(1) 
C(17) 219(2) 9208(1) 7939(1) 18(1) 
C(18) 684(2) 9757(1) 7722(1) 19(1) 
C(19) 1318(2) 9734(1) 7195(1) 20(1) 
C(20) 1472(2) 9159(1) 6901(1) 17(1) 
C(21) -1191(2) 7653(1) 5825(1) 19(1) 
C(22) -2451(2) 7650(1) 5426(2) 32(1) 
C(23) 2864(2) 7249(1) 5469(1) 15(1) 
C(24) 1794(2) 6990(1) 5069(1) 19(1) 
C(25) 1860(2) 6509(1) 4611(1) 20(1) 
C(26) 3016(2) 6295(1) 4556(1) 21(1) 
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C(27) 4094(2) 6522(1) 4948(1) 22(1) 
C(28) 4009(2) 7008(1) 5406(1) 20(1) 
C(29) 4141(2) 8240(1) 6352(1) 15(1) 
C(30) 5067(2) 7848(1) 6720(1) 17(1) 
C(31) 6211(2) 8091(1) 7029(1) 19(1) 
C(32) 6402(2) 8724(1) 6981(1) 23(1) 
C(33) 5516(2) 9129(1) 6640(1) 22(1) 
C(34) 4381(2) 8884(1) 6322(1) 18(1) 
C(35) 2030(2) 8473(1) 5293(1) 16(1) 
C(36) 2756(2) 8558(1) 4803(1) 22(1) 
C(37) 2364(3) 8944(1) 4244(1) 28(1) 
C(38) 1239(2) 9240(1) 4190(1) 27(1) 
C(39) 492(2) 9170(1) 4656(1) 23(1) 
C(40) 899(2) 8782(1) 5216(1) 18(1) 
S(1A) 1962(1) 3954(1) 5388(1) 17(1) 
F(1A) 3183(2) 4959(1) 5178(1) 49(1) 
C(1A) 2260(3) 4603(1) 4852(1) 29(1) 
O(1A) 3120(2) 3623(1) 5527(1) 32(1) 
F(2A) 1284(2) 4974(1) 4679(1) 50(1) 
O(2A) 968(2) 3612(1) 4969(1) 31(1) 
O(3A) 1644(2) 4269(1) 5962(1) 40(1) 
F(3A) 2555(3) 4398(1) 4282(1) 70(1) 
S(1B) 6750(1) 9320(1) 4083(1) 19(1) 
C(1B) 6600(3) 9330(1) 4972(2) 32(1) 
O(1B) 7190(2) 8691(1) 4006(1) 28(1) 
F(1B) 7677(2) 9189(1) 5386(1) 43(1) 
F(2B) 5776(2) 8897(1) 5078(1) 49(1) 
O(2B) 5507(2) 9446(1) 3714(1) 34(1) 
O(3B) 7623(2) 9817(1) 4057(1) 31(1) 
F(3B) 6240(2) 9885(1) 5158(1) 58(1) 
N(1S) 3680(4) 3618(2) 3045(2) 82(1) 
C(1S) 3925(4) 4088(2) 3095(2) 51(1) 
C(2S) 4334(4) 4774(2) 3175(2) 72(1) 
 
 
Table A.13. Bond lengths [Å] and angles [deg] for 7’. 
 
Atoms Bond length Atoms Bond length 
Ru(1)-N(5) 2.0416(19) C(20)-H(20) 0.9500 
Ru(1)-N(1) 2.0466(18) C(21)-C(22) 1.457(3) 
Ru(1)-N(2) 2.0570(19) C(22)-H(22A) 0.9800 
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Ru(1)-N(4) 2.0949(18) C(22)-H(22B) 0.9800 
Ru(1)-N(3) 2.1133(19) C(22)-H(22C) 0.9800 
Ru(1)-P(1) 2.3325(6) C(23)-C(28) 1.392(3) 
P(1)-C(29) 1.828(2) C(23)-C(24) 1.399(3) 
P(1)-C(35) 1.834(2) C(24)-C(25) 1.385(3) 
P(1)-C(23) 1.837(2) C(24)-H(24) 0.9500 
N(1)-C(1) 1.345(3) C(25)-C(26) 1.379(3) 
N(1)-C(5) 1.364(3) C(25)-H(25) 0.9500 
N(2)-C(10) 1.354(3) C(26)-C(27) 1.373(4) 
N(2)-C(6) 1.367(3) C(27)-C(28) 1.398(3) 
N(3)-C(11) 1.344(3) C(27)-H(27) 0.9500 
N(3)-C(15) 1.352(3) C(28)-H(28) 0.9500 
N(4)-C(20) 1.348(3) C(29)-C(34) 1.399(3) 
N(4)-C(16) 1.370(3) C(29)-C(30) 1.407(3) 
N(5)-C(21) 1.144(3) C(30)-C(31) 1.388(3) 
F(1)-C(26) 1.366(3) C(30)-H(30) 0.9500 
F(2)-C(32) 1.364(3) C(31)-C(32) 1.369(4) 
F(3)-C(38) 1.361(3) C(31)-H(31) 0.9500 
C(1)-C(2) 1.384(3) C(32)-C(33) 1.377(4) 
C(1)-H(1) 0.9500 C(33)-C(34) 1.387(3) 
C(2)-C(3) 1.382(4) C(33)-H(33) 0.9500 
C(2)-H(2) 0.9500 C(34)-H(34) 0.9500 
C(3)-C(4) 1.382(4) C(35)-C(40) 1.391(3) 
C(3)-H(3) 0.9500 C(35)-C(36) 1.397(3) 
C(4)-C(5) 1.389(3) C(36)-C(37) 1.385(3) 
C(4)-H(4) 0.9500 C(36)-H(36) 0.9500 
C(5)-C(6) 1.472(3) C(37)-C(38) 1.376(4) 
C(6)-C(7) 1.389(3) C(37)-H(37) 0.9500 
C(7)-C(8) 1.383(3) C(38)-C(39) 1.371(4) 
C(7)-H(7) 0.9500 C(39)-C(40) 1.390(3) 
C(8)-C(9) 1.387(3) C(39)-H(39) 0.9500 
C(8)-H(8) 0.9500 C(40)-H(40) 0.9500 
C(9)-C(10) 1.381(3) S(1A)-O(3A) 1.4332(19) 
C(9)-H(9) 0.9500 S(1A)-O(1A) 1.4363(19) 
C(10)-H(10) 0.9500 S(1A)-O(2A) 1.4369(18) 
C(11)-C(12) 1.390(3) S(1A)-C(1A) 1.817(3) 
C(11)-H(11) 0.9500 F(1A)-C(1A) 1.329(3) 
C(12)-C(13) 1.376(4) C(1A)-F(3A) 1.323(3) 
C(12)-H(12) 0.9500 C(1A)-F(2A) 1.323(3) 
C(13)-C(14) 1.382(4) S(1B)-O(3B) 1.4381(19) 
C(13)-H(13) 0.9500 S(1B)-O(1B) 1.4424(18) 
C(14)-C(15) 1.393(3) S(1B)-O(2B) 1.4454(18) 
C(14)-H(14) 0.9500 S(1B)-C(1B) 1.819(3) 
C(15)-C(16) 1.473(3) C(1B)-F(3B) 1.322(3) 
C(16)-C(17) 1.395(3) C(1B)-F(1B) 1.339(3) 
C(17)-C(18) 1.380(3) C(1B)-F(2B) 1.340(3) 
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C(17)-H(17) 0.9500 N(1S)-C(1S) 1.034(6) 
C(18)-C(19) 1.379(3) C(1S)-C(2S) 1.525(6) 
C(18)-H(18) 0.9500 C(2S)-H(2S1) 0.9800 
C(19)-C(20) 1.383(3) C(2S)-H(2S2) 0.9800 
C(19)-H(19) 0.9500 C(2S)-H(2S3) 0.9800 
 
 
Atoms Bond angle Atoms Bond angle 
N(5)-Ru(1)-N(1) 173.22(7) C(19)-C(20)-H(20) 118.3 
N(5)-Ru(1)-N(2) 96.79(7) N(5)-C(21)-C(22) 178.7(3) 
N(1)-Ru(1)-N(2) 79.35(7) C(21)-C(22)-H(22A) 109.5 
N(5)-Ru(1)-N(4) 90.49(7) C(21)-C(22)-H(22B) 109.5 
N(1)-Ru(1)-N(4) 92.16(7) H(22A)-C(22)-H(22B) 109.5 
N(2)-Ru(1)-N(4) 166.02(7) C(21)-C(22)-H(22C) 109.5 
N(5)-Ru(1)-N(3) 85.28(7) H(22A)-C(22)-H(22C) 109.5 
N(1)-Ru(1)-N(3) 89.14(7) H(22B)-C(22)-H(22C) 109.5 
N(2)-Ru(1)-N(3) 90.18(7) C(28)-C(23)-C(24) 118.6(2) 
N(4)-Ru(1)-N(3) 78.50(7) C(28)-C(23)-P(1) 126.04(17) 
N(5)-Ru(1)-P(1) 94.43(5) C(24)-C(23)-P(1) 115.19(17) 
N(1)-Ru(1)-P(1) 91.23(5) C(25)-C(24)-C(23) 121.3(2) 
N(2)-Ru(1)-P(1)  90.95(5) C(25)-C(24)-H(24) 119.4 
N(4)-Ru(1)-P(1) 100.40(5) C(23)-C(24)-H(24) 119.4 
N(3)-Ru(1)-P(1) 178.85(6) C(26)-C(25)-C(24) 117.9(2) 
C(29)-P(1)-C(35) 102.57(10) C(26)-C(25)-H(25) 121.0 
C(29)-P(1)-C(23) 105.77(10) C(24)-C(25)-H(25) 121.0 
C(35)-P(1)-C(23) 97.40(10) F(1)-C(26)-C(27) 118.5(2) 
C(29)-P(1)-Ru(1) 113.20(7) F(1)-C(26)-C(25) 118.4(2) 
C(35)-P(1)-Ru(1) 121.15(8) C(27)-C(26)-C(25) 123.2(2) 
C(23)-P(1)-Ru(1) 114.57(7) C(26)-C(27)-C(28) 118.0(2) 
C(1)-N(1)-C(5)  118.51(19) C(26)-C(27)-H(27) 121.0 
C(1)-N(1)-Ru(1) 126.03(15) C(28)-C(27)-H(27) 121.0 
C(5)-N(1)-Ru(1) 115.45(15) C(23)-C(28)-C(27) 120.9(2) 
C(10)-N(2)-C(6) 118.3(2) C(23)-C(28)-H(28) 119.6 
C(10)-N(2)-Ru(1) 126.38(16) C(27)-C(28)-H(28) 119.6 
C(6)-N(2)-Ru(1) 114.99(15) C(34)-C(29)-C(30) 118.6(2) 
C(11)-N(3)-C(15) 118.6(2) C(34)-C(29)-P(1) 120.69(17) 
C(11)-N(3)-Ru(1) 126.37(16) C(30)-C(29)-P(1) 120.42(17) 
C(15)-N(3)-Ru(1) 114.88(15) C(31)-C(30)-C(29) 120.8(2) 
C(20)-N(4)-C(16) 117.43(19) C(31)-C(30)-H(30) 119.6 
C(20)-N(4)-Ru(1) 127.48(15) C(29)-C(30)-H(30) 119.6 
C(16)-N(4)-Ru(1) 114.59(15) C(32)-C(31)-C(30) 118.3(2) 
C(21)-N(5)-Ru(1) 171.97(19) C(32)-C(31)-H(31) 120.9 
N(1)-C(1)-C(2)  122.7(2) C(30)-C(31)-H(31) 120.9 
N(1)-C(1)-H(1)  118.7 F(2)-C(32)-C(31) 118.7(2) 
C(2)-C(1)-H(1)  118.6 F(2)-C(32)-C(33) 118.1(2) 
C(3)-C(2)-C(1)  118.7(2) C(31)-C(32)-C(33) 123.2(2) 
C(3)-C(2)-H(2)  120.6 C(32)-C(33)-C(34) 118.5(2) 
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C(1)-C(2)-H(2)  120.6 C(32)-C(33)-H(33) 120.8 
C(2)-C(3)-C(4)  119.4(2) C(34)-C(33)-H(33) 120.8 
C(2)-C(3)-H(3)  120.3 C(33)-C(34)-C(29) 120.7(2) 
C(4)-C(3)-H(3)  120.3 C(33)-C(34)-H(34) 119.7 
C(3)-C(4)-C(5)  119.5(2) C(29)-C(34)-H(34) 119.7 
C(3)-C(4)-H(4)  120.3 C(40)-C(35)-C(36) 119.2(2) 
C(5)-C(4)-H(4)  120.3 C(40)-C(35)-P(1) 123.33(18) 
N(1)-C(5)-C(4)  121.2(2) C(36)-C(35)-P(1) 117.42(17) 
N(1)-C(5)-C(6)  114.97(19) C(37)-C(36)-C(35) 121.0(2) 
C(4)-C(5)-C(6)  123.8(2) C(37)-C(36)-H(36) 119.5 
N(2)-C(6)-C(7)  121.6(2) C(35)-C(36)-H(36) 119.5 
N(2)-C(6)-C(5)  114.7(2) C(38)-C(37)-C(36) 117.6(2) 
C(7)-C(6)-C(5)  123.8(2) C(38)-C(37)-H(37) 121.2 
C(8)-C(7)-C(6)  119.4(2) C(36)-C(37)-H(37) 121.2 
C(8)-C(7)-H(7)  120.3 F(3)-C(38)-C(39) 118.9(2) 
C(6)-C(7)-H(7)  120.3 F(3)-C(38)-C(37) 117.4(2) 
C(7)-C(8)-C(9)  119.2(2) C(39)-C(38)-C(37) 123.6(2) 
C(7)-C(8)-H(8)  120.4 C(38)-C(39)-C(40) 118.1(2) 
C(9)-C(8)-H(8)  120.4 C(38)-C(39)-H(39) 121.0 
C(10)-C(9)-C(8) 119.2(2) C(40)-C(39)-H(39) 121.0 
C(10)-C(9)-H(9) 120.4 C(39)-C(40)-C(35) 120.5(2) 
C(8)-C(9)-H(9)  120.4 C(39)-C(40)-H(40) 119.7 
N(2)-C(10)-C(9) 122.4(2) C(35)-C(40)-H(40) 119.7 
N(2)-C(10)-H(10) 118.8 O(3A)-S(1A)-O(1A) 115.17(13) 
C(9)-C(10)-H(10) 118.8 O(3A)-S(1A)-O(2A) 114.97(13) 
N(3)-C(11)-C(12) 122.6(2) O(1A)-S(1A)-O(2A) 114.17(11) 
N(3)-C(11)-H(11) 118.7 O(3A)-S(1A)-C(1A) 102.74(12) 
C(12)-C(11)-H(11) 118.7 O(1A)-S(1A)-C(1A) 103.18(13) 
C(13)-C(12)-C(11) 118.8(2) O(2A)-S(1A)-C(1A) 104.40(12) 
C(13)-C(12)-H(12) 120.6 F(3A)-C(1A)-F(2A) 107.4(2) 
C(11)-C(12)-H(12) 120.6 F(3A)-C(1A)-F(1A) 108.3(2) 
C(12)-C(13)-C(14) 119.2(2) F(2A)-C(1A)-F(1A) 107.0(2) 
C(12)-C(13)-H(13) 120.4 F(3A)-C(1A)-S(1A) 111.2(2) 
C(14)-C(13)-H(13) 120.4 F(2A)-C(1A)-S(1A) 111.91(19) 
C(13)-C(14)-C(15) 119.5(2) F(1A)-C(1A)-S(1A) 110.77(19) 
C(13)-C(14)-H(14) 120.2 O(3B)-S(1B)-O(1B) 115.80(12) 
C(15)-C(14)-H(14) 120.2 O(3B)-S(1B)-O(2B) 114.70(12) 
N(3)-C(15)-C(14) 121.3(2) O(1B)-S(1B)-O(2B) 114.98(11) 
N(3)-C(15)-C(16) 115.68(19) O(3B)-S(1B)-C(1B) 102.76(13) 
C(14)-C(15)-C(16) 123.0(2) O(1B)-S(1B)-C(1B) 102.41(12) 
N(4)-C(16)-C(17) 121.5(2) O(2B)-S(1B)-C(1B) 103.57(13) 
N(4)-C(16)-C(15) 115.9(2) F(3B)-C(1B)-F(1B) 107.7(2) 
C(17)-C(16)-C(15) 122.6(2) F(3B)-C(1B)-F(2B) 108.4(2) 
C(18)-C(17)-C(16) 119.6(2) F(1B)-C(1B)-F(2B) 107.0(2) 
C(18)-C(17)-H(17) 120.2 F(3B)-C(1B)-S(1B) 112.2(2) 
C(16)-C(17)-H(17) 120.2 F(1B)-C(1B)-S(1B) 111.06(19) 
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C(19)-C(18)-C(17) 119.3(2) F(2B)-C(1B)-S(1B) 110.2(2) 
C(19)-C(18)-H(18) 120.4 N(1S)-C(1S)-C(2S) 178.0(5) 
C(17)-C(18)-H(18) 120.4 C(1S)-C(2S)-H(2S1) 109.5 
C(18)-C(19)-C(20) 118.8(2) C(1S)-C(2S)-H(2S2) 109.5 
C(18)-C(19)-H(19) 120.6 H(2S1)-C(2S)-H(2S2) 109.5 
C(20)-C(19)-H(19) 120.6 C(1S)-C(2S)-H(2S3) 109.5 
N(4)-C(20)-C(19) 123.4(2) H(2S1)-C(2S)-H(2S3) 109.5 
N(4)-C(20)-H(20) 118.3 H(2S2)-C(2S)-H(2S3) 109.5 
 
 
Table A.14. Anisotropic displacement parameters (Å
2
 x 10
3
) for 7’. 
     
Atom U11 U22 U33 U23 U13 U12 
Ru(1) 12(1) 12(1) 13(1) -1(1) 3(1) 0(1) 
P(1) 11(1) 14(1) 13(1) -1(1) 3(1) 1(1) 
N(1) 14(1) 16(1) 11(1) -1(1) 4(1) 1(1) 
N(2) 16(1) 15(1) 13(1) 1(1) 4(1) -4(1) 
N(3) 13(1) 18(1) 15(1) 0(1) 4(1) 0(1) 
N(4) 11(1) 14(1) 14(1) -1(1) 3(1) 2(1) 
N(5) 15(1) 14(1) 15(1) -1(1) 6(1) 1(1) 
F(1) 39(1) 20(1) 24(1) -9(1) 15(1) -2(1) 
F(2) 18(1) 32(1) 46(1) -6(1) -8(1) -7(1) 
F(3) 40(1) 55(1) 32(1) 27(1) 3(1) 13(1) 
C(1) 18(1) 18(1) 17(1) -3(1) 4(1) -1(1) 
C(2) 20(1) 24(1) 18(1) -6(1) 3(1) -3(1) 
C(3) 19(1) 31(1) 14(1) -1(1) -1(1) 2(1) 
C(4) 20(1) 23(1) 17(1) 3(1) 2(1) 4(1) 
C(5) 17(1) 18(1) 13(1) 1(1) 6(1) 1(1) 
C(6) 14(1) 18(1) 14(1) 1(1) 5(1) 1(1) 
C(7) 21(1) 20(1) 21(1) 3(1) 5(1) 4(1) 
C(8) 26(1) 17(1) 27(1) 0(1) 7(1) 2(1) 
C(9) 22(1) 16(1) 23(1) -3(1) 8(1) -3(1) 
C(10) 17(1) 20(1) 16(1) -1(1) 4(1) -2(1) 
C(11) 21(1) 17(1) 25(1) 0(1) 9(1) -2(1) 
C(12) 22(1) 19(1) 24(1) 4(1) 8(1) -3(1) 
C(13) 21(1) 28(1) 21(1) 3(1) 9(1) -3(1) 
C(14) 19(1) 21(1) 22(1) -2(1) 8(1) 0(1) 
C(15) 11(1) 19(1) 14(1) 2(1) -1(1) 1(1) 
C(16) 12(1) 18(1) 14(1) 1(1) 1(1) 1(1) 
C(17) 18(1) 21(1) 16(1) 0(1) 4(1) 2(1) 
C(18) 23(1) 15(1) 20(1) -2(1) 5(1) 4(1) 
C(19) 19(1) 16(1) 23(1) 2(1) 4(1) 1(1) 
C(20) 14(1) 18(1) 18(1) 0(1) 5(1) 0(1) 
C(21) 19(1) 19(1) 20(1) -4(1) 5(1) 1(1) 
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C(22) 19(1) 36(2) 37(2) -14(1) -3(1) 7(1) 
C(23) 15(1) 15(1) 14(1) 0(1) 4(1) -2(1) 
C(24) 18(1) 20(1) 19(1) -1(1) 5(1) 1(1) 
C(25) 23(1) 20(1) 17(1) -2(1) 3(1) -3(1) 
C(26) 33(1) 16(1) 16(1) -3(1) 12(1) -1(1) 
C(27) 19(1) 23(1) 24(1) -2(1) 9(1) 3(1) 
C(28) 21(1) 21(1) 17(1) -3(1) 4(1) 2(1) 
C(29) 13(1) 19(1) 13(1) 0(1) 5(1) -1(1) 
C(30) 16(1) 19(1) 16(1) 1(1) 4(1) 1(1) 
C(31) 14(1) 25(1) 18(1) 0(1) 1(1) 2(1) 
C(32) 14(1) 29(1) 23(1) -6(1) 0(1) -5(1) 
C(33) 21(1) 17(1) 28(1) -3(1) 5(1) -5(1) 
C(34) 16(1) 19(1) 18(1) -1(1) 3(1) 1(1) 
C(35) 15(1) 15(1) 16(1) -1(1) 2(1) -2(1) 
C(36) 20(1) 27(1) 19(1) 4(1) 6(1) 5(1) 
C(37) 30(1) 38(2) 20(1) 9(1) 10(1) 4(1) 
C(38) 29(1) 30(1) 20(1) 9(1) -2(1) 2(1) 
C(39) 17(1) 25(1) 27(1) 3(1) -1(1) 3(1) 
C(40) 15(1) 19(1) 21(1) 0(1) 4(1) -1(1) 
S(1A) 18(1) 17(1) 18(1) 0(1) 5(1) 0(1) 
F(1A) 43(1) 40(1) 60(1) 14(1) 2(1) -23(1) 
C(1A) 32(2) 29(1) 27(1) 3(1) 8(1) -5(1) 
O(1A) 22(1) 29(1) 40(1) 0(1) -6(1) 4(1) 
F(2A) 47(1) 30(1) 64(1) 21(1) -7(1) 4(1) 
O(2A) 20(1) 24(1) 45(1) -4(1) -3(1) -2(1) 
O(3A) 74(2) 22(1) 35(1) -4(1) 35(1) -5(1) 
F(3A) 131(2) 54(1) 41(1) 5(1) 54(1) -7(1) 
S(1B) 17(1) 18(1) 22(1) 0(1) 4(1) 1(1) 
C(1B) 34(2) 30(2) 34(2) -6(1) 17(1) -3(1) 
O(1B) 28(1) 24(1) 32(1) -7(1) 7(1) 7(1) 
F(1B) 52(1) 50(1) 25(1) 0(1) 1(1) -8(1) 
F(2B) 44(1) 54(1) 60(1) 9(1) 36(1) -9(1) 
O(2B) 24(1) 22(1) 48(1) -6(1) -10(1) 3(1) 
O(3B) 24(1) 30(1) 40(1) 11(1) 7(1) -6(1) 
F(3B) 72(1) 48(1) 62(1) -26(1) 34(1) 6(1) 
N(1S) 106(3) 72(3) 65(2) 1(2) 13(2) 45(3) 
C(1S) 59(2) 60(3) 37(2) 0(2) 16(2) 38(2) 
C(2S) 48(2) 100(4) 73(3) -30(3) 19(2) 25(2) 
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Table A.15. Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters (Å
2
 x 
10
3
) for 7’. 
Atoms x y z U(eq) 
H(1) 3272 8553 7817 21 
H(2) 5061 8429 8646 25 
H(3) 5860 7416 8901 27 
H(4) 4856 6554 8305 24 
H(7) 3764 5794 7733 24 
H(8) 2617 5051 7002 28 
H(9) 1011 5396 6123 24 
H(10) 551 6460 6014 21 
H(11) 304 6584 7548 24 
H(12) -992 6464 8326 26 
H(13) -1697 7359 8812 27 
H(14) -1084 8354 8503 24 
H(17) -229 9217 8297 21 
H(18) 568 10146 7933 23 
H(19) 1643 10107 7037 23 
H(20) 1898 9148 6533 20 
H(22A) -3019 7808 5706 48 
H(22B) -2685 7220 5278 48 
H(22C) -2498 7921 5025 48 
H(24) 1007 7147 5112 23 
H(25) 1131 6332 4343 25 
H(27) 4874 6353 4908 26 
H(28) 4743 7177 5678 24 
H(30) 4907 7412 6758 20 
H(31) 6845 7824 7267 23 
H(33) 5679 9567 6623 27 
H(34) 3760 9157 6082 21 
H(36) 3529 8348 4854 26 
H(37) 2855 9003 3909 34 
H(39) -281 9381 4599 28 
H(40) 401 8728 5547 22 
H(2S1) 5094 4806 3525 109 
H(2S2) 3681 5025 3313 109 
H(2S3) 4489 4931 2740 109 
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Table A.16. Crystal data and structure refinement for cis-
Ru(bpy)2(Cl){P(C6H4F)3}](CF3SO3) (7-Cl′) 
Compound    7-Cl       
Empirical formula                   C39H29ClF6N4O4PRuS  
Formula weight                       931.21  
Temperature                          90.0(2) K 
Wavelength                           0.71073 Å  
  Crystal system, space group         Monoclinic,  P 21/c  
  Unit cell dimensions                a = 14.3952(2) Å    
                                    b = 14.9550(2) Å                               
                                c = 17.4020(3) Å    
                                      α = 90° 
     β = 92.8970(6)° 
     γ = 90° 
    Volume                               3741.52(10) A
3
 
    Z                   4 
    Calculated density    1.653 Mg/m
3
 
    Absorption coefficient              0.668 mm
-1
 
    F(000)                               1876 
   Crystal size                         0.12 x 0.11 x 0.10 mm 
   Theta range for data collection     1.42 to 27.47 deg. 
   Limiting indices                     -18<=h<=18, -19<=k<=19, -22<=l<=22 
   Reflections collected        54853  
   Absorption correction               Semi-empirical from equivalents 
   Max. and min. transmission          0.936 and 0.924 
   Refinement method                   Full-matrix least-squares on F
2
 
   Data / restraints / parameters      8571 / 3 / 520 
   Goodness-of-fit on F^2              1.040 
   Final R indices [I>2σ(I)]        R1 = 0.0528, wR2 = 0.1176 
   R indices (all data)                 R1 = 0.1049, wR2 = 0.1397 
   Largest diff. peak and hole         1.738 and -0.672 e.A
-3
 
 
 
Table A.17. Atomic coordinates ( x 10
4
) and equivalent isotropic displacement 
parameters (Å
2
 x 10
3
) for 7-Cl. 
Atom x y z U(eq) 
Ru(1) 2028(1) 4924(1) 1661(1) 16(1) 
Cl(1) 1250(1) 3525(1) 1307(1) 21(1) 
N(1) 806(2) 5678(2) 1478(2) 18(1) 
N(2) 2017(2) 5152(2) 462(2) 17(1) 
N(3) 3338(2) 4352(2) 1641(2) 18(1) 
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N(4) 2846(2) 6023(2) 1852(2) 17(1) 
P(1) 1925(1) 4672(1) 2977(1) 17(1) 
F(1) -1653(2) 3437(2) 4173(1) 32(1) 
F(2) 3123(2) 7945(2) 4704(1) 37(1) 
F(3) 4039(2) 1627(2) 4412(1) 28(1) 
C(1) 253(3) 6010(3) 2012(2) 19(1) 
C(2) -486(3) 6576(3) 1842(2) 21(1) 
C(3) -671(3) 6835(3) 1090(2) 20(1) 
C(4) -119(3) 6500(3) 534(2) 22(1) 
C(5) 614(3) 5928(3) 734(2) 18(1) 
C(6) 1242(3) 5574(3) 158(2) 15(1) 
C(7) 1078(3) 5677(3) -626(2) 19(1) 
C(8) 1727(3) 5356(3) -1120(2) 22(1) 
C(9) 2525(3) 4952(3) -812(2) 20(1) 
C(10) 2639(3) 4848(3) -23(2) 21(1) 
C(11) 3543(3) 3503(3) 1468(2) 21(1) 
C(12) 4444(3) 3213(3) 1375(2) 22(1) 
C(13) 5165(3) 3814(3) 1446(2) 28(1) 
C(14) 4969(3) 4696(3) 1611(2) 24(1) 
C(15) 4059(3) 4959(3) 1701(2) 16(1) 
C(16) 3785(3) 5877(3) 1848(2) 20(1) 
C(17) 4411(3) 6575(3) 1965(2) 27(1) 
C(18) 4097(3) 7436(3) 2066(2) 27(1) 
C(19) 3153(3) 7580(3) 2065(2) 25(1) 
C(20) 2552(3) 6868(3) 1963(2) 20(1) 
C(21) 788(3) 4362(3) 3345(2) 17(1) 
C(22) 57(3) 4104(3) 2842(2) 22(1) 
C(23) -784(3) 3800(3) 3113(2) 23(1) 
C(24) -849(3) 3754(3) 3894(2) 22(1) 
C(25) -143(3) 3999(3) 4416(2) 23(1) 
C(26) 683(3) 4300(3) 4142(2) 21(1) 
C(27) 2267(3) 5656(3) 3541(2) 16(1) 
C(28) 1621(3) 6261(3) 3807(2) 20(1) 
C(29) 1907(3) 7036(3) 4179(2) 23(1) 
C(30) 2839(3) 7189(3) 4310(2) 25(1) 
C(31) 3504(3) 6615(3) 4064(2) 23(1) 
C(32) 3222(3) 5851(3) 3675(2) 19(1) 
C(33) 2627(3) 3768(3) 3431(2) 19(1) 
C(34) 3034(3) 3830(3) 4177(2) 23(1) 
C(35) 3499(3) 3112(3) 4510(2) 25(1) 
C(36) 3560(3) 2336(3) 4094(2) 21(1) 
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C(37) 3153(3) 2238(3) 3367(2) 20(1) 
C(38) 2678(3) 2965(3) 3037(2) 19(1) 
S(1A) 6835(1) 5427(1) 3391(1) 26(1) 
O(1A) 6358(2) 6255(2) 3209(2) 47(1) 
O(2A) 7031(2) 4887(2) 2735(2) 32(1) 
O(3A) 7583(2) 5493(2) 3976(2) 36(1) 
C(1A) 5958(3) 4798(3) 3874(2) 25(1) 
F(1A) 5229(2) 4586(2) 3396(1) 38(1) 
F(2A) 5629(2) 5260(2) 4458(2) 39(1) 
F(3A) 6282(2) 4027(2) 4162(1) 36(1) 
O(1W) 9312(2) 6379(2) 3733(2) 31(1) 
 
          
 
Table A.18. Bond lengths [Å] and angles [deg] for 7-Cl. 
 
Atoms Bond length Atoms Bond length 
Ru(1)-N(4) 2.039(3) C(16)-C(17) 1.387(6) 
Ru(1)-N(3) 2.072(3) C(17)-C(18) 1.380(6) 
Ru(1)-N(1) 2.101(3) C(17)-H(17) 0.9500 
Ru(1)-N(2) 2.113(3) C(18)-C(19) 1.375(5) 
Ru(1)-P(1) 2.3329(11) C(18)-H(18) 0.9500 
Ru(1)-Cl(1) 2.4371(11) C(19)-C(20) 1.378(6) 
N(1)-C(1) 1.348(5) C(19)-H(19) 0.9500 
N(1)-C(5) 1.363(5) C(20)-H(20) 0.9500 
N(2)-C(10) 1.340(5) C(21)-C(22) 1.388(5) 
N(2)-C(6) 1.365(5) C(21)-C(26) 1.406(5) 
N(3)-C(11) 1.340(5) C(22)-C(23) 1.397(5) 
N(3)-C(15) 1.379(5) C(22)-H(22) 0.9500 
N(4)-C(20) 1.349(5) C(23)-C(24) 1.369(5) 
N(4)-C(16) 1.370(5) C(24)-C(25) 1.379(6) 
P(1)-C(27) 1.823(4) C(25)-C(26) 1.379(5) 
P(1)-C(33) 1.843(4) C(25)-H(25) 0.9500 
P(1)-C(21) 1.847(4) C(26)-H(26) 0.9500 
F(1)-C(24) 1.362(4) C(27)-C(28) 1.392(5) 
F(2)-C(30) 1.373(5) C(27)-C(32) 1.413(5) 
F(3)-C(36) 1.367(4) C(28)-C(29) 1.380(6) 
C(1)-C(2) 1.380(5) C(28)-H(28) 0.9500 
C(1)-H(1) 0.9500 C(29)-C(30) 1.368(6) 
C(2)-C(3) 1.378(5) C(29)-H(29) 0.9500 
C(2)-H(2) 0.9500 C(30)-C(31) 1.371(6) 
C(3)-C(4) 1.378(5) C(31)-C(32) 1.379(6) 
C(3)-H(3) 0.9500 C(31)-H(31) 0.9500 
C(4)-C(5) 1.389(5) C(32)-H(32) 0.9500 
C(4)-H(4) 0.9500 C(33)-C(38) 1.386(6) 
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C(5)-C(6) 1.481(5) C(33)-C(34) 1.400(5) 
C(6)-C(7) 1.382(5) C(34)-C(35) 1.378(6) 
C(7)-C(8) 1.386(5) C(34)-H(34) 0.9500 
C(7)-H(7) 0.9500 C(35)-C(36) 1.372(6) 
C(8)-C(9) 1.381(6) C(35)-H(35) 0.9500 
C(8)-H(8) 0.9500 C(36)-C(37) 1.375(5) 
C(9)-C(10) 1.384(6) C(37)-C(38) 1.393(5) 
C(9)-H(9) 0.9500 C(37)-H(37) 0.9500 
C(10)-H(10) 0.9500 C(38)-H(38) 0.9500 
C(11)-C(12) 1.385(5) S(1A)-O(2A) 1.438(3) 
C(11)-H(11) 0.9500 S(1A)-O(1A) 1.443(3) 
C(12)-C(13) 1.374(6) S(1A)-O(3A) 1.447(3) 
C(12)-H(12) 0.9500 S(1A)-C(1A) 1.815(5) 
C(13)-C(14) 1.381(6) C(1A)-F(3A) 1.332(5) 
C(13)-H(13) 0.9500 C(1A)-F(2A) 1.335(5) 
C(14)-C(15) 1.385(5) C(1A)-F(1A) 1.343(5) 
C(14)-H(14) 0.9500 O(1W)-H(1W1) 0.819(18) 
C(15)-C(16) 1.455(6) O(1W)-H(2W1) 0.827(18) 
 
 
Atoms Bond angle Atoms Bond angle 
N(4)-Ru(1)-N(3) 79.48(13) N(4)-C(16)-C(15) 115.3(4) 
N(4)-Ru(1)-N(1) 93.63(12) C(17)-C(16)-C(15) 123.7(4) 
N(3)-Ru(1)-N(1) 167.13(12) C(18)-C(17)-C(16) 120.4(4) 
N(4)-Ru(1)-N(2) 90.34(12) C(18)-C(17)-H(17) 119.8 
N(3)-Ru(1)-N(2) 90.67(12) C(16)-C(17)-H(17) 119.8 
N(1)-Ru(1)-N(2) 78.41(12) C(19)-C(18)-C(17) 118.5(4) 
N(4)-Ru(1)-P(1) 92.00(9) C(19)-C(18)-H(18) 120.8 
N(3)-Ru(1)-P(1) 93.07(9) C(17)-C(18)-H(18) 120.8 
N(1)-Ru(1)-P(1) 98.07(9) C(18)-C(19)-C(20) 119.5(4) 
N(2)-Ru(1)-P(1) 175.90(9) C(18)-C(19)-H(19) 120.2 
N(4)-Ru(1)-Cl(1) 170.83(9) C(20)-C(19)-H(19) 120.2 
N(3)-Ru(1)-Cl(1) 92.79(10) N(4)-C(20)-C(19) 122.9(4) 
N(1)-Ru(1)-Cl(1) 92.99(9) N(4)-C(20)-H(20) 118.5 
N(2)-Ru(1)-Cl(1) 84.79(9) C(19)-C(20)-H(20) 118.5 
P(1)-Ru(1)-Cl(1) 93.35(4) C(22)-C(21)-C(26) 119.2(4) 
C(1)-N(1)-C(5) 117.1(3) C(22)-C(21)-P(1) 120.5(3) 
C(1)-N(1)-Ru(1) 127.8(3) C(26)-C(21)-P(1) 120.0(3) 
C(5)-N(1)-Ru(1) 114.8(3) C(21)-C(22)-C(23) 121.3(4) 
C(10)-N(2)-C(6) 118.2(3) C(21)-C(22)-H(22) 119.3 
C(10)-N(2)-Ru(1) 126.5(3) C(23)-C(22)-H(22) 119.3 
C(6)-N(2)-Ru(1) 115.0(2) C(24)-C(23)-C(22) 117.1(4) 
C(11)-N(3)-C(15) 117.9(3) F(1)-C(24)-C(23) 118.3(4) 
C(11)-N(3)-Ru(1) 127.2(3) F(1)-C(24)-C(25) 117.9(4) 
C(15)-N(3)-Ru(1) 114.1(3) C(23)-C(24)-C(25) 123.8(4) 
C(20)-N(4)-C(16) 117.7(4) C(24)-C(25)-C(26) 118.6(4) 
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C(20)-N(4)-Ru(1) 126.6(3) C(24)-C(25)-H(25) 120.7 
C(16)-N(4)-Ru(1) 115.7(3) C(26)-C(25)-H(25) 120.7 
C(27)-P(1)-C(33) 103.57(19) C(25)-C(26)-C(21) 120.0(4) 
C(27)-P(1)-C(21) 103.67(18) C(25)-C(26)-H(26) 120.0 
C(33)-P(1)-C(21) 98.24(18) C(21)-C(26)-H(26) 120.0 
C(27)-P(1)-Ru(1) 111.71(13) C(28)-C(27)-C(32) 118.2(4) 
C(33)-P(1)-Ru(1) 118.55(13) C(28)-C(27)-P(1) 122.4(3) 
C(21)-P(1)-Ru(1) 118.86(13) C(32)-C(27)-P(1) 119.3(3) 
N(1)-C(1)-C(2) 123.6(4) C(29)-C(28)-C(27) 120.9(4) 
N(1)-C(1)-H(1) 118.2 C(29)-C(28)-H(28) 119.6 
C(2)-C(1)-H(1) 118.2 C(27)-C(28)-H(28) 119.6 
C(3)-C(2)-C(1) 119.1(4) C(30)-C(29)-C(28) 119.1(4) 
C(3)-C(2)-H(2) 120.4 C(30)-C(29)-H(29) 120.5 
C(1)-C(2)-H(2) 120.4 C(28)-C(29)-H(29) 120.5 
C(4)-C(3)-C(2) 118.3(4) C(29)-C(30)-C(31) 122.5(4) 
C(4)-C(3)-H(3) 120.9 C(29)-C(30)-F(2) 119.1(4) 
C(2)-C(3)-H(3) 120.9 C(31)-C(30)-F(2) 118.4(4) 
C(3)-C(4)-C(5) 120.4(4) C(30)-C(31)-C(32) 118.7(4) 
C(3)-C(4)-H(4) 119.8 C(30)-C(31)-H(31) 120.7 
C(5)-C(4)-H(4) 119.8 C(32)-C(31)-H(31) 120.7 
N(1)-C(5)-C(4) 121.5(4) C(31)-C(32)-C(27) 120.7(4) 
N(1)-C(5)-C(6) 116.3(3) C(31)-C(32)-H(32) 119.6 
C(4)-C(5)-C(6) 122.2(4) C(27)-C(32)-H(32) 119.6 
N(2)-C(6)-C(7) 122.0(4) C(38)-C(33)-C(34) 119.1(4) 
N(2)-C(6)-C(5) 114.7(3) C(38)-C(33)-P(1) 117.7(3) 
C(7)-C(6)-C(5) 123.3(3) C(34)-C(33)-P(1) 122.9(3) 
C(6)-C(7)-C(8) 119.1(4) C(35)-C(34)-C(33) 120.6(4) 
C(6)-C(7)-H(7) 120.4 C(35)-C(34)-H(34) 119.7 
C(8)-C(7)-H(7) 120.4 C(33)-C(34)-H(34) 119.7 
C(9)-C(8)-C(7) 119.0(4) C(36)-C(35)-C(34) 118.6(4) 
C(9)-C(8)-H(8) 120.5 C(36)-C(35)-H(35) 120.7 
C(7)-C(8)-H(8) 120.5 C(34)-C(35)-H(35) 120.7 
C(8)-C(9)-C(10) 119.2(4) F(3)-C(36)-C(35) 119.1(3) 
C(8)-C(9)-H(9) 120.4 F(3)-C(36)-C(37) 118.2(4) 
C(10)-C(9)-H(9) 120.4 C(35)-C(36)-C(37) 122.7(4) 
N(2)-C(10)-C(9) 122.5(4) C(36)-C(37)-C(38) 118.2(4) 
N(2)-C(10)-H(10) 118.8 C(36)-C(37)-H(37) 120.9 
C(9)-C(10)-H(10) 118.8 C(38)-C(37)-H(37) 120.9 
N(3)-C(11)-C(12) 122.8(4) C(33)-C(38)-C(37) 120.6(4) 
N(3)-C(11)-H(11) 118.6 C(33)-C(38)-H(38) 119.7 
C(12)-C(11)-H(11) 118.6 C(37)-C(38)-H(38) 119.7 
C(13)-C(12)-C(11) 119.4(4) O(2A)-S(1A)-O(1A) 114.7(2) 
C(13)-C(12)-H(12) 120.3 O(2A)-S(1A)-O(3A) 115.33(19) 
C(11)-C(12)-H(12) 120.3 O(1A)-S(1A)-O(3A) 115.2(2) 
C(12)-C(13)-C(14) 118.9(4) O(2A)-S(1A)-C(1A) 104.1(2) 
C(12)-C(13)-H(13) 120.6 O(1A)-S(1A)-C(1A) 102.2(2) 
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C(14)-C(13)-H(13) 120.6 O(3A)-S(1A)-C(1A) 102.69(19) 
C(13)-C(14)-C(15) 119.9(4) F(3A)-C(1A)-F(2A) 107.0(3) 
C(13)-C(14)-H(14) 120.0 F(3A)-C(1A)-F(1A) 106.1(4) 
C(15)-C(14)-H(14) 120.0 F(2A)-C(1A)-F(1A) 107.2(3) 
N(3)-C(15)-C(14) 121.1(4) F(3A)-C(1A)-S(1A) 112.6(3) 
N(3)-C(15)-C(16) 115.2(3) F(2A)-C(1A)-S(1A) 111.4(3) 
C(14)-C(15)-C(16) 123.7(4) F(1A)-C(1A)-S(1A) 112.0(3) 
N(4)-C(16)-C(17) 121.0(4) H(1W1)-O(1W)-H(2W1) 111(3) 
 
 
Table A.19. Anisotropic displacement parameters (Å
2
 x 10Å) for 7-Cl.  
Atom U11 U22 U33 U23 U13 U12 
Ru(1) 13(1) 21(1) 13(1) 1(1) 1(1) 1(1) 
Cl(1) 20(1) 21(1) 21(1) -1(1) -1(1) -1(1) 
N(1) 14(2) 23(2) 18(2) 0(2) -1(1) 2(2) 
N(2) 13(2) 23(2) 13(2) -1(2) 1(1) -2(2) 
N(3) 18(2) 23(2) 14(2) 1(2) 4(1) 0(2) 
N(4) 11(2) 24(2) 16(2) 3(2) 1(1) 5(2) 
P(1) 14(1) 22(1) 15(1) 0(1) 1(1) 1(1) 
F(1) 22(1) 44(2) 29(1) 4(1) 6(1) -9(1) 
F(2) 47(2) 27(2) 38(2) -9(1) 3(1) -12(1) 
F(3) 31(1) 26(2) 28(1) 7(1) -1(1) 7(1) 
C(1) 17(2) 23(2) 16(2) 0(2) 3(2) -2(2) 
C(2) 18(2) 18(2) 28(2) -1(2) 8(2) 0(2) 
C(3) 17(2) 19(2) 25(2) 3(2) 0(2) 2(2) 
C(4) 27(2) 21(2) 19(2) 3(2) -2(2) -4(2) 
C(5) 15(2) 22(2) 17(2) 1(2) 1(2) -7(2) 
C(6) 15(2) 14(2) 16(2) 2(2) 3(2) 1(2) 
C(7) 19(2) 19(2) 19(2) 1(2) -3(2) -4(2) 
C(8) 30(2) 19(2) 17(2) -1(2) 5(2) -1(2) 
C(9) 20(2) 21(2) 20(2) -5(2) 8(2) -1(2) 
C(10) 11(2) 33(3) 17(2) -4(2) 2(2) -2(2) 
C(11) 25(2) 21(2) 17(2) 0(2) 4(2) 1(2) 
C(12) 21(2) 26(3) 20(2) 0(2) 7(2) 9(2) 
C(13) 18(2) 32(3) 33(3) 1(2) 5(2) 8(2) 
C(14) 16(2) 28(3) 27(2) 3(2) 4(2) -5(2) 
C(15) 17(2) 22(2) 11(2) 2(2) 2(2) -1(2) 
C(16) 20(2) 24(3) 16(2) 5(2) 1(2) -1(2) 
C(17) 17(2) 33(3) 32(3) 0(2) 4(2) -1(2) 
C(18) 24(2) 29(3) 27(3) 0(2) -5(2) -9(2) 
C(19) 30(2) 20(3) 24(2) 0(2) 2(2) 2(2) 
C(20) 22(2) 22(2) 17(2) 1(2) 4(2) -2(2) 
C(21) 15(2) 16(2) 20(2) -1(2) 6(2) -1(2) 
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C(22) 25(2) 25(3) 17(2) 3(2) 4(2) -2(2) 
C(23) 24(2) 23(3) 22(2) 1(2) 9(2) -4(2) 
C(24) 17(2) 22(2) 28(2) 3(2) 8(2) -3(2) 
C(25) 25(2) 28(3) 18(2) -1(2) 8(2) -2(2) 
C(26) 20(2) 21(2) 21(2) -1(2) 1(2) 0(2) 
C(27) 18(2) 17(2) 14(2) -1(2) 0(2) -4(2) 
C(28) 20(2) 20(2) 20(2) 2(2) 2(2) 2(2) 
C(29) 26(2) 16(2) 27(2) -4(2) 9(2) 1(2) 
C(30) 36(3) 21(3) 18(2) 0(2) 0(2) -9(2) 
C(31) 24(2) 24(3) 21(2) 4(2) 1(2) -7(2) 
C(32) 16(2) 23(3) 19(2) 4(2) -2(2) 1(2) 
C(33) 14(2) 27(3) 18(2) 6(2) 2(2) 1(2) 
C(34) 31(2) 19(2) 18(2) -2(2) -3(2) 3(2) 
C(35) 31(2) 24(3) 19(2) 3(2) -5(2) 4(2) 
C(36) 22(2) 19(2) 21(2) 7(2) 5(2) 6(2) 
C(37) 19(2) 22(2) 20(2) 2(2) 3(2) 3(2) 
C(38) 17(2) 27(3) 13(2) 2(2) -2(2) -3(2) 
S(1A) 27(1) 28(1) 22(1) 4(1) 7(1) 2(1) 
O(1A) 58(2) 30(2) 55(2) 15(2) 17(2) 13(2) 
O(2A) 31(2) 48(2) 19(2) -6(2) 10(1) -3(2) 
O(3A) 28(2) 50(2) 30(2) 1(2) 2(2) -10(2) 
C(1A) 24(2) 32(3) 18(2) -3(2) 2(2) 0(2) 
F(1A) 24(1) 57(2) 32(2) -6(1) -2(1) -3(1) 
F(2A) 39(2) 49(2) 31(2) -10(1) 18(1) -6(1) 
F(3A) 37(2) 33(2) 37(2) 12(1) 0(1) -3(1) 
O(1W) 25(2) 29(2) 39(2) 0(2) 6(2) 1(2) 
 
     
 
Table A.20. Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å
2
 x 
10
3
) for 7-Cl. 
Atoms x y z U(eq) 
H(1) 379 5844 2534 22 
H(2) -861 6785 2239 25 
H(3) -1168 7235 959 24 
H(4) -240 6661 10 27 
H(7) 528 5963 -825 23 
H(8) 1625 5412 -1661 26 
H(9) 2991 4749 -1139 24 
H(10) 3179 4550 183 25 
H(11) 3049 3084 1406 25 
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H(12) 4563 2603 1263 27 
H(13) 5787 3627 1384 33 
H(14) 5459 5121 1662 28 
H(17) 5061 6459 1975 33 
H(18) 4522 7919 2135 32 
H(19) 2917 8166 2133 30 
H(20) 1903 6976 1972 24 
H(22) 131 4135 2303 27 
H(25) -224 3961 4954 28 
H(26) 1182 4465 4492 25 
H(28) 976 6139 3731 24 
H(29) 1464 7457 4341 27 
H(31) 4146 6741 4159 28 
H(32) 3675 5451 3494 23 
H(34) 2987 4372 4457 28 
H(35) 3773 3153 5017 30 
H(37) 3195 1688 3097 24 
H(38) 2386 2910 2537 23 
H(1W1) 8870(20) 6040(20) 3780(30) 46 
H(2W1) 9150(30) 6907(14) 3760(30) 46 
 
 
Table A.21. Crystal data and structure refinement for cis-[Ru(4,4’-
Me2bpy)2{(P(C6H4F)3}(Cl)](Cl) (10-Cl). 
Compound    10-Cl     
 Empirical formula                   C42H36Cl2F3N4PRu 
 Formula weight                      856.69 
 Temperature                         90.0(2) K 
 Wavelength                           1.54178 Å 
 Crystal system    Triclinic 
 Space group           P -1 
 Unit cell dimensions                a = 9.9954(4) Å   
                                            b = 13.7971(5) Å     
                                           c = 18.4926(7) Å    
     α = 72.464(2)° 
     β= 85.771(2)° 
     γ= 68.711(2)° 
 Volume                                2263.99(15) A
3
 
 Z      2 
 Calculated density    1.257 Mg/m
3
 
 Absorption coefficient              4.580 mm
-1
 
198 
 
 F(000)                    872 
 Crystal size                         0.18 x 0.03 x 0.03 mm 
 Theta range for data collection     2.51 to 68.21 deg. 
 Limiting indices                     -10<=h<=12, -16<=k<=16, -  22<=l<=22 
 Reflections collected        30746  
 Completeness to theta =    68.21     97.2 % 
 Absorption correction               Semi-empirical from    equivalents 
 Max. and min. transmission          0.510 and 0.289 
 Refinement method                   Full-matrix least-squares on F
2
 
 Data / restraints / parameters      8062 / 0 / 482 
 Goodness-of-fit on F
2
              1.036 
 Final R indices [I>2σ(I)]       R1 = 0.0613, wR2 = 0.1584 
 R indices (all data)                 R1 = 0.0704, wR2 = 0.1649 
 Largest diff. peak and hole         1.345 and -0.409 e.A
-3
 
 
 
Table A.22. Atomic coordinates ( x 10
4
) and equivalent isotropic displacement 
parameters (A
2
 x 10
3
) for 10-Cl. 
Atoms x y z U(eq) 
Ru(1) 2261(1) 1563(1) 1620(1) 56(1) 
Cl(1) 1336(1) 1838(1) 352(1) 62(1) 
P(1) 137(1) 1563(1) 2220(1) 57(1) 
N(1) 3284(4) -94(3) 1741(2) 61(1) 
N(2) 4150(4) 1535(3) 1036(2) 60(1) 
C(1) 2967(6) -936(4) 2208(3) 68(1) 
C(2) 3755(5) -2008(4) 2277(4) 72(1) 
C(3) 4946(6) -2279(4) 1846(4) 78(2) 
C(4) 5298(6) -1425(4) 1371(3) 70(1) 
C(5) 4496(5) -354(4) 1333(3) 62(1) 
C(6) 4945(5) 563(4) 928(3) 60(1) 
C(7) 6150(6) 447(5) 484(3) 67(1) 
C(8) 6568(6) 1331(5) 159(3) 69(1) 
C(9) 5729(6) 2312(5) 270(3) 73(1) 
C(10) 4548(6) 2377(4) 709(3) 67(1) 
C(11) 5875(7) -3440(5) 1904(5) 102(2) 
C(12) 7890(6) 1226(6) -304(4) 79(2) 
N(3) 3272(4) 1463(3) 2578(2) 58(1) 
N(4) 1674(4) 3196(3) 1549(2) 59(1) 
C(13) 4094(5) 534(4) 3093(3) 64(1) 
C(14) 4842(5) 540(4) 3684(3) 67(1) 
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C(15) 4768(5) 1514(5) 3784(3) 70(1) 
C(16) 3924(5) 2466(4) 3259(3) 64(1) 
C(17) 3195(5) 2413(4) 2674(3) 58(1) 
C(18) 2272(5) 3392(4) 2105(3) 57(1) 
C(19) 2024(5) 4440(4) 2120(3) 61(1) 
C(20) 1163(6) 5328(4) 1571(3) 65(1) 
C(21) 552(6) 5112(4) 1002(3) 68(1) 
C(22) 852(6) 4067(4) 1008(3) 65(1) 
C(23) 5560(8) 1566(6) 4412(4) 95(2) 
C(24) 867(8) 6462(4) 1582(4) 83(2) 
C(25) 334(5) 1437(5) 3218(3) 67(1) 
C(26) 860(6) 402(6) 3752(3) 80(2) 
C(27) 1255(6) 258(8) 4476(3) 95(2) 
C(28) 1169(6) 1144(8) 4669(3) 95(2) 
C(29) 667(7) 2184(7) 4188(4) 93(2) 
C(30) 238(6) 2331(6) 3440(3) 77(2) 
F(1) 1581(5) 1024(5) 5391(2) 127(2) 
C(31) -1521(5) 2743(4) 1885(3) 58(1) 
C(32) -2594(5) 3093(4) 2378(3) 63(1) 
C(33) -3903(5) 3916(4) 2090(3) 63(1) 
C(34) -4103(5) 4369(4) 1322(3) 65(1) 
C(35) -3096(6) 4066(4) 817(3) 66(1) 
C(36) -1794(5) 3241(4) 1105(3) 61(1) 
F(2) -5397(3) 5169(3) 1039(2) 77(1) 
C(37) -564(5) 501(4) 2222(3) 60(1) 
C(38) -1439(5) 164(4) 2794(3) 65(1) 
C(39) -1942(5) -644(4) 2769(3) 69(1) 
C(40) -1578(5) -1069(4) 2179(3) 70(1) 
C(41) -777(5) -731(4) 1589(3) 66(1) 
C(42) -269(5) 73(4) 1616(3) 62(1) 
F(3) -2052(3) -1873(3) 2168(2) 79(1) 
Cl(2) 3784(2) 5096(2) 3480(1) 88(1) 
 
 
 
Table A.23. Bond lengths [Å] and angles [deg] for 10-Cl. 
 
Atom Bond length Atom Bond length 
Ru(1)-N(3) 2.048(4) C(17)-C(18) 1.471(7) 
Ru(1)-N(4) 2.076(4) C(18)-C(19) 1.383(7) 
Ru(1)-N(1) 2.086(4) C(19)-C(20) 1.373(7) 
Ru(1)-N(2) 2.098(4) C(19)-H(19A) 0.9500 
200 
 
Ru(1)-P(1) 2.3226(11) C(20)-C(21) 1.409(7) 
Ru(1)-Cl(1) 2.4538(12) C(20)-C(24) 1.489(7) 
P(1)-C(25) 1.819(5) C(21)-C(22) 1.358(7) 
P(1)-C(31) 1.835(5) C(21)-H(21A) 0.9500 
P(1)-C(37) 1.838(5) C(22)-H(22A) 0.9500 
N(1)-C(1) 1.348(6) C(23)-H(23A) 0.9800 
N(1)-C(5) 1.371(6) C(23)-H(23B) 0.9800 
N(2)-C(10) 1.323(6) C(23)-H(23C) 0.9800 
N(2)-C(6) 1.354(6) C(24)-H(24A) 0.9800 
C(1)-C(2) 1.371(8) C(24)-H(24B) 0.9800 
C(1)-H(1A) 0.9500 C(24)-H(24C) 0.9800 
C(2)-C(3) 1.382(8) C(25)-C(30) 1.384(9) 
C(2)-H(2A) 0.9500 C(25)-C(26) 1.404(8) 
C(3)-C(4) 1.384(8) C(26)-C(27) 1.360(9) 
C(3)-C(11) 1.507(8) C(26)-H(26A) 0.9500 
C(4)-C(5) 1.384(7) C(27)-C(28) 1.345(12) 
C(4)-H(4A) 0.9500 C(27)-H(27A) 0.9500 
C(5)-C(6) 1.467(7) C(28)-F(1) 1.369(7) 
C(6)-C(7) 1.394(7) C(28)-C(29) 1.370(12) 
C(7)-C(8) 1.383(7) C(29)-C(30) 1.412(8) 
C(7)-H(7A) 0.9500 C(29)-H(29A) 0.9500 
C(8)-C(9) 1.378(8) C(30)-H(30A) 0.9500 
C(8)-C(12) 1.505(7) C(31)-C(36) 1.396(7) 
C(9)-C(10) 1.374(7) C(31)-C(32) 1.400(6) 
C(9)-H(9A) 0.9500 C(32)-C(33) 1.395(7) 
C(10)-H(10A) 0.9500 C(32)-H(32A) 0.9500 
C(11)-H(11A) 0.9800 C(33)-C(34) 1.365(8) 
C(11)-H(11B) 0.9800 C(33)-H(33A) 0.9500 
C(11)-H(11C) 0.9800 C(34)-C(35) 1.360(8) 
C(12)-H(12A) 0.9800 C(34)-F(2) 1.372(6) 
C(12)-H(12B) 0.9800 C(35)-C(36) 1.390(7) 
C(12)-H(12C) 0.9800 C(35)-H(35A) 0.9500 
N(3)-C(17) 1.349(6) C(36)-H(36A) 0.9500 
N(3)-C(13) 1.357(6) C(37)-C(42) 1.385(7) 
N(4)-C(22) 1.341(6) C(37)-C(38) 1.401(7) 
N(4)-C(18) 1.366(6) C(38)-C(39) 1.392(8) 
C(13)-C(14) 1.372(8) C(38)-H(38A) 0.9500 
C(13)-H(13A) 0.9500 C(39)-C(40) 1.357(8) 
C(14)-C(15) 1.386(8) C(39)-H(39A) 0.9500 
C(14)-H(14A) 0.9500 C(40)-F(3) 1.361(6) 
C(15)-C(16) 1.388(7) C(40)-C(41) 1.373(7) 
C(15)-C(23) 1.486(9) C(41)-C(42) 1.391(7) 
C(16)-C(17) 1.382(7) C(41)-H(41A) 0.9500 
C(16)-H(16A) 0.9500 C(42)-H(42A) 0.9500 
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Atom Bond angle Atom Bond angle 
N(3)-Ru(1)-N(4) 78.59(16) C(15)-C(16)-H(16A) 120.0 
N(3)-Ru(1)-N(1) 93.00(16) N(3)-C(17)-C(16) 122.8(4) 
N(4)-Ru(1)-N(1) 167.88(15) N(3)-C(17)-C(18) 114.7(4) 
N(3)-Ru(1)-N(2) 88.92(15) C(16)-C(17)-C(18) 122.5(4) 
N(4)-Ru(1)-N(2) 92.68(15) N(4)-C(18)-C(19) 121.7(4) 
N(1)-Ru(1)-N(2) 78.32(15) N(4)-C(18)-C(17) 115.0(4) 
N(3)-Ru(1)-P(1) 93.76(10) C(19)-C(18)-C(17) 123.3(4) 
N(4)-Ru(1)-P(1) 88.94(11) C(20)-C(19)-C(18) 121.1(5) 
N(1)-Ru(1)-P(1) 100.41(11) C(20)-C(19)-H(19A) 119.5 
N(2)-Ru(1)-P(1) 177.10(11) C(18)-C(19)-H(19A) 119.5 
N(3)-Ru(1)-Cl(1) 170.00(11) C(19)-C(20)-C(21) 116.6(5) 
N(4)-Ru(1)-Cl(1) 97.08(12) C(19)-C(20)-C(24) 121.9(5) 
N(1)-Ru(1)-Cl(1) 89.80(12) C(21)-C(20)-C(24) 121.6(5) 
N(2)-Ru(1)-Cl(1) 82.25(11) C(22)-C(21)-C(20) 119.9(5) 
P(1)-Ru(1)-Cl(1) 95.16(4) C(22)-C(21)-H(21A) 120.1 
C(25)-P(1)-C(31) 104.4(2) C(20)-C(21)-H(21A) 120.1 
C(25)-P(1)-C(37) 104.7(2) N(4)-C(22)-C(21) 123.8(5) 
C(31)-P(1)-C(37) 97.7(2) N(4)-C(22)-H(22A) 118.1 
C(25)-P(1)-Ru(1) 109.85(16) C(21)-C(22)-H(22A) 118.1 
C(31)-P(1)-Ru(1) 119.24(15) C(15)-C(23)-H(23A) 109.5 
C(37)-P(1)-Ru(1) 119.05(15) C(15)-C(23)-H(23B) 109.5 
C(1)-N(1)-C(5) 116.5(4) H(23A)-C(23)-H(23B) 109.5 
C(1)-N(1)-Ru(1) 128.3(3) C(15)-C(23)-H(23C) 109.5 
C(5)-N(1)-Ru(1) 115.0(3) H(23A)-C(23)-H(23C) 109.5 
C(10)-N(2)-C(6) 118.2(4) H(23B)-C(23)-H(23C) 109.5 
C(10)-N(2)-Ru(1) 126.8(3) C(20)-C(24)-H(24A) 109.5 
C(6)-N(2)-Ru(1) 114.6(3) C(20)-C(24)-H(24B) 109.5 
N(1)-C(1)-C(2) 124.0(5) H(24A)-C(24)-H(24B) 109.5 
N(1)-C(1)-H(1A) 118.0 C(20)-C(24)-H(24C) 109.5 
C(2)-C(1)-H(1A) 118.0 H(24A)-C(24)-H(24C) 109.5 
C(1)-C(2)-C(3) 120.0(5) H(24B)-C(24)-H(24C) 109.5 
C(1)-C(2)-H(2A) 120.0 C(30)-C(25)-C(26) 118.3(5) 
C(3)-C(2)-H(2A) 120.0 C(30)-C(25)-P(1) 120.5(4) 
C(2)-C(3)-C(4) 116.7(5) C(26)-C(25)-P(1) 120.1(5) 
C(2)-C(3)-C(11) 122.8(6) C(27)-C(26)-C(25) 122.2(7) 
C(4)-C(3)-C(11) 120.5(6) C(27)-C(26)-H(26A) 118.9 
C(5)-C(4)-C(3) 121.5(5) C(25)-C(26)-H(26A) 118.9 
C(5)-C(4)-H(4A) 119.3 C(28)-C(27)-C(26) 117.9(7) 
C(3)-C(4)-H(4A) 119.3 C(28)-C(27)-H(27A) 121.1 
N(1)-C(5)-C(4) 121.2(5) C(26)-C(27)-H(27A) 121.1 
N(1)-C(5)-C(6) 115.2(4) C(27)-C(28)-F(1) 119.3(7) 
C(4)-C(5)-C(6) 123.3(4) C(27)-C(28)-C(29) 124.0(6) 
N(2)-C(6)-C(7) 121.2(4) F(1)-C(28)-C(29) 116.6(8) 
N(2)-C(6)-C(5) 115.9(4) C(28)-C(29)-C(30) 117.9(7) 
C(7)-C(6)-C(5) 122.9(4) C(28)-C(29)-H(29A) 121.1 
202 
 
C(8)-C(7)-C(6) 119.9(5) C(30)-C(29)-H(29A) 121.1 
C(8)-C(7)-H(7A) 120.1 C(25)-C(30)-C(29) 119.7(7) 
C(6)-C(7)-H(7A) 120.1 C(25)-C(30)-H(30A) 120.1 
C(9)-C(8)-C(7) 117.6(5) C(29)-C(30)-H(30A) 120.1 
C(9)-C(8)-C(12) 121.1(5) C(36)-C(31)-C(32) 118.4(4) 
C(7)-C(8)-C(12) 121.3(5) C(36)-C(31)-P(1) 119.1(3) 
C(10)-C(9)-C(8) 119.8(5) C(32)-C(31)-P(1) 122.2(4) 
C(10)-C(9)-H(9A) 120.1 C(33)-C(32)-C(31) 120.2(5) 
C(8)-C(9)-H(9A) 120.1 C(33)-C(32)-H(32A) 119.9 
N(2)-C(10)-C(9) 123.2(5) C(31)-C(32)-H(32A) 119.9 
N(2)-C(10)-H(10A) 118.4 C(34)-C(33)-C(32) 118.5(4) 
C(9)-C(10)-H(10A) 118.4 C(34)-C(33)-H(33A) 120.8 
C(3)-C(11)-H(11A) 109.5 C(32)-C(33)-H(33A) 120.8 
C(3)-C(11)-H(11B) 109.5 C(35)-C(34)-C(33) 123.8(5) 
H(11A)-C(11)-H(11B) 109.5 C(35)-C(34)-F(2) 117.8(5) 
C(3)-C(11)-H(11C) 109.5 C(33)-C(34)-F(2) 118.4(5) 
H(11A)-C(11)-H(11C) 109.5 C(34)-C(35)-C(36) 117.7(5) 
H(11B)-C(11)-H(11C) 109.5 C(34)-C(35)-H(35A) 121.2 
C(8)-C(12)-H(12A) 109.5 C(36)-C(35)-H(35A) 121.2 
C(8)-C(12)-H(12B) 109.5 C(35)-C(36)-C(31) 121.4(5) 
H(12A)-C(12)-H(12B) 109.5 C(35)-C(36)-H(36A) 119.3 
C(8)-C(12)-H(12C) 109.5 C(31)-C(36)-H(36A) 119.3 
H(12A)-C(12)-H(12C) 109.5 C(42)-C(37)-C(38) 119.9(5) 
H(12B)-C(12)-H(12C) 109.5 C(42)-C(37)-P(1) 118.1(3) 
C(17)-N(3)-C(13) 117.1(4) C(38)-C(37)-P(1) 121.8(4) 
C(17)-N(3)-Ru(1) 116.6(3) C(39)-C(38)-C(37) 119.5(5) 
C(13)-N(3)-Ru(1) 126.2(3) C(39)-C(38)-H(38A) 120.2 
C(22)-N(4)-C(18) 116.9(4) C(37)-C(38)-H(38A) 120.2 
C(22)-N(4)-Ru(1) 128.1(3) C(40)-C(39)-C(38) 118.3(5) 
C(18)-N(4)-Ru(1) 114.9(3) C(40)-C(39)-H(39A) 120.8 
N(3)-C(13)-C(14) 122.4(5) C(38)-C(39)-H(39A) 120.8 
N(3)-C(13)-H(13A) 118.8 C(39)-C(40)-F(3) 117.8(5) 
C(14)-C(13)-H(13A) 118.8 C(39)-C(40)-C(41) 124.2(5) 
C(13)-C(14)-C(15) 120.7(5) F(3)-C(40)-C(41) 118.1(5) 
C(13)-C(14)-H(14A) 119.7 C(40)-C(41)-C(42) 117.5(5) 
C(15)-C(14)-H(14A) 119.7 C(40)-C(41)-H(41A) 121.2 
C(14)-C(15)-C(16) 117.0(5) C(42)-C(41)-H(41A) 121.2 
C(14)-C(15)-C(23) 122.8(5) C(37)-C(42)-C(41) 120.4(4) 
C(16)-C(15)-C(23) 120.2(6) C(37)-C(42)-H(42A) 119.8 
C(17)-C(16)-C(15) 119.9(5) C(41)-C(42)-H(42A) 119.8 
C(17)-C(16)-H(16A) 120.0   
 
 
Table A.24. Anisotropic displacement parameters (Å
2
 x 10
3
) for 10-Cl. 
 
Atoms U11 U22 U33 U23 U13 U12 
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Ru(1) 56(1) 52(1) 60(1) -18(1) 12(1) -20(1) 
Cl(1) 68(1) 62(1) 61(1) -23(1) 14(1) -27(1) 
P(1) 55(1) 59(1) 54(1) -15(1) 7(1) -19(1) 
N(1) 55(2) 56(2) 75(2) -20(2) 6(2) -23(2) 
N(2) 62(2) 59(2) 63(2) -24(2) 10(2) -25(2) 
C(1) 56(2) 60(3) 86(3) -15(2) 6(2) -24(2) 
C(2) 56(3) 58(3) 99(4) -13(2) -5(2) -24(2) 
C(3) 65(3) 56(3) 118(5) -32(3) -4(3) -21(2) 
C(4) 56(2) 68(3) 98(4) -40(3) 8(2) -23(2) 
C(5) 58(2) 60(3) 77(3) -25(2) 8(2) -26(2) 
C(6) 53(2) 63(3) 71(3) -30(2) 13(2) -24(2) 
C(7) 64(3) 73(3) 77(3) -37(2) 17(2) -31(2) 
C(8) 67(3) 86(3) 75(3) -41(3) 22(2) -39(3) 
C(9) 83(3) 80(3) 78(3) -36(3) 26(3) -48(3) 
C(10) 78(3) 61(3) 75(3) -32(2) 25(2) -34(2) 
C(11) 77(4) 64(3) 167(7) -49(4) 10(4) -16(3) 
C(12) 69(3) 106(4) 88(4) -50(3) 32(3) -49(3) 
N(3) 47(2) 61(2) 64(2) -20(2) 8(2) -17(2) 
N(4) 60(2) 51(2) 61(2) -17(2) 13(2) -18(2) 
C(13) 49(2) 51(2) 75(3) -10(2) 15(2) -9(2) 
C(14) 52(2) 66(3) 67(3) -8(2) 5(2) -11(2) 
C(15) 56(2) 74(3) 70(3) -20(2) 6(2) -13(2) 
C(16) 55(2) 71(3) 63(3) -22(2) 9(2) -18(2) 
C(17) 53(2) 61(2) 58(2) -16(2) 12(2) -20(2) 
C(18) 54(2) 63(3) 54(2) -21(2) 10(2) -19(2) 
C(19) 60(2) 61(3) 62(3) -22(2) 4(2) -19(2) 
C(20) 72(3) 59(3) 64(3) -21(2) 4(2) -21(2) 
C(21) 79(3) 58(3) 65(3) -16(2) -1(2) -22(2) 
C(22) 80(3) 58(3) 54(2) -15(2) -1(2) -22(2) 
C(23) 94(4) 96(4) 73(4) -29(3) -15(3) -2(3) 
C(24) 100(4) 56(3) 89(4) -22(3) -13(3) -20(3) 
C(25) 51(2) 91(4) 57(2) -18(2) 9(2) -26(2) 
C(26) 54(3) 109(4) 64(3) -8(3) 3(2) -28(3) 
C(27) 63(3) 150(7) 60(3) -3(4) -2(2) -48(4) 
C(28) 59(3) 170(8) 55(3) -20(4) 4(2) -52(4) 
C(29) 71(3) 154(7) 73(4) -51(4) 21(3) -52(4) 
C(30) 62(3) 120(5) 62(3) -39(3) 16(2) -39(3) 
F(1) 93(3) 233(6) 62(2) -38(3) 3(2) -72(3) 
C(31) 56(2) 62(3) 60(2) -23(2) 7(2) -22(2) 
C(32) 57(2) 63(3) 68(3) -21(2) 9(2) -22(2) 
C(33) 52(2) 58(2) 81(3) -28(2) 9(2) -17(2) 
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C(34) 52(2) 55(2) 87(3) -19(2) -5(2) -17(2) 
C(35) 66(3) 61(3) 70(3) -20(2) -7(2) -19(2) 
C(36) 62(3) 59(2) 62(3) -21(2) 2(2) -18(2) 
F(2) 56(2) 68(2) 96(2) -18(2) -6(1) -12(1) 
C(37) 50(2) 53(2) 69(3) -16(2) 10(2) -13(2) 
C(38) 57(2) 66(3) 67(3) -17(2) 9(2) -20(2) 
C(39) 53(2) 65(3) 80(3) -14(2) 13(2) -19(2) 
C(40) 51(2) 62(3) 92(4) -18(2) 7(2) -22(2) 
C(41) 60(3) 64(3) 74(3) -25(2) 14(2) -23(2) 
C(42) 58(2) 56(2) 69(3) -16(2) 13(2) -20(2) 
F(3) 68(2) 75(2) 103(2) -29(2) 16(2) -36(2) 
Cl(2) 80(1) 110(1) 95(1) -56(1) 15(1) -38(1) 
 
 
Table A.25. Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters (A
2
 x         
10
3
) for 10-Cl. 
Atoms  x   y  z U(eq) 
H(1A) 2146 -776 2507 82 
H(2A) 3482 -2565 2622 87 
H(4A) 6109 -1577 1065 85 
H(7A) 6683 -237 406 80 
H(9A) 5967 2942 44 88 
H(10A) 3989 3061 782 80 
H(11A) 5396 -3929 2203 153 
H(11B) 6802 -3619 2154 153 
H(11C) 6032 -3528 1395 153 
H(12A) 8571 1413 -68 118 
H(12B) 7619 1722 -819 118 
H(12C) 8338 476 -325 118 
H(13A) 4154 -146 3044 76 
H(14A) 5416 -130 4028 81 
H(16A) 3846 3153 3303 77 
H(19A) 2456 4547 2516 73 
H(21A) -69 5696 614 82 
H(22A) 4573 946 606 78 
H(23A) 5946 842 4781 142 
H(23B) 4904 2078 4664 142 
H(23C) 6352 1813 4207 142 
H(24A) 1767 6536 1686 124 
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H(24B) 193 6623 1980 124 
H(24C) 447 6972 1088 124 
H(26A) 944 -218 3603 96 
H(27A) 1582 -446 4835 114 
H(29A) 610 2787 4352 111 
H(30A) -115 3041 3091 93 
H(32A) -2429 2769 2911 75 
H(33A) -4639 4157 2420 76 
H(35A) -3276 4406 287 79 
H(36A) -1075 3012 764 74 
H(38A) -1689 485 3196 79 
H(39A) -2524 -892 3156 83 
H(41A) -577 -1034 1178 79 
H(42A) 284 329 1216 75 
 
 
Table A.26. Crystal data and structure refinement for cis-[Ru(4,4’-Cl2bpy)2(PPh3)(Cl)]Cl 
(9-Cl) 
Compound         9-Cl 
Empirical formula                   C 40.86H32.73Cl11.73N4PRu 
Formula weight                       1127.69 
Temperature                         90.0(2) K 
Wavelength                           0.71073 A 
Crystal system,    Monoclinic,   
Space group           P 21/c 
Unit cell dimensions                a = 13.7858(2) Å    
                                           b = 14.4768(2) Å    . 
                                           c = 23.0915(3) Å   
      α = 90 °. 
                            β = 90.1206(5) °               
       γ = 90 °  
Volume                               4608.46(11) A
3
 
Z     4 
Calculated density           1.625 Mg/m
3
      
Absorption coefficient             1.091 mm
-1
 
F(000)                               2257 
Crystal size                         0.22 x 0.15 x 0.10 mm 
Theta range for data collection     1.76 to 27.47 deg. 
Limiting indices                     -17<=h<=17, 0<=k<=18, 0<=l<=29 
Reflections collected / unique      103652 / 10490 [R(int) = 0.0690] 
Completeness to theta = 27.47       99.5 % 
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Absorption correction               Semi-empirical from equivalents 
Max. and min. transmission          0.899 and 0.795 
Refinement method                   Full-matrix least-squares on F
2
 
Data / restraints / parameters      10490 / 355 / 587 
Goodness-of-fit on F
2
              1.044 
Final R indices [I>2σ(I)]        R1 = 0.0553, wR2 = 0.1624 
R indices (all data)                 R1 = 0.0714, wR2 = 0.1761 
Largest diff. peak and hole         1.642 and -1.821 e.A
-3
 
 
 
Table A.27. Atomic coordinates ( x 10
4
) and equivalent isotropic displacement 
parameters (A
2
 x 10
3
) for  9-Cl. 
Atom x y z U(eq) 
Ru(1) 2612(1) 3738(1) 3606(1) 18(1) 
Cl(1) 1353(1) 3133(1) 4235(1) 26(1) 
Cl(4) 6219(1) 4533(1) 1852(1) 30(1) 
Cl(5) 2440(1) 556(1) 1598(1) 37(1) 
Cl(2) 4359(1) 791(1) 5478(1) 35(1) 
Cl(3) 4197(1) 5998(1) 5895(1) 26(1) 
N(1) 3444(5) 2804(4) 4091(3) 21(1) 
N(2) 3060(7) 4559(4) 4296(3) 20(1) 
C(1) 3619(4) 1903(4) 3963(2) 25(1) 
C(2) 3938(4) 1273(4) 4368(2) 29(1) 
C(3) 4049(4) 1565(4) 4940(2) 27(1) 
C(4) 3896(4) 2489(4) 5080(2) 25(1) 
C(5) 3603(4) 3084(3) 4646(2) 22(1) 
C(6) 3478(4) 4079(4) 4742(2) 21(1) 
C(7) 3811(4) 4496(4) 5242(3) 26(1) 
C(8) 3726(9) 5445(5) 5285(3) 26(2) 
C(9) 3326(6) 5944(4) 4844(3) 24(2) 
C(10) 3009(11) 5482(4) 4352(4) 21(1) 
Cl(2') 5751(7) 1027(6) 5072(4) 35(1) 
Cl(3') 3793(8) 6095(7) 5934(4) 26(1) 
N(1') 3600(40) 2740(30) 4063(18) 22(3) 
N(2') 3170(50) 4450(20) 4330(20) 20(3) 
C(1') 3920(30) 1910(20) 3861(12) 24(3) 
C(2') 4530(20) 1343(18) 4172(11) 27(3) 
C(3') 4880(20) 1659(16) 4705(11) 29(3) 
C(4') 4610(20) 2537(16) 4894(11) 27(3) 
C(5') 3970(20) 3063(16) 4573(12) 21(3) 
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C(6') 3730(30) 4018(18) 4739(15) 22(3) 
C(7') 4040(40) 4490(20) 5229(16) 24(3) 
C(8') 3840(60) 5430(30) 5292(15) 24(3) 
C(9') 3470(50) 5880(20) 4817(15) 23(3) 
C(10') 3050(80) 5370(20) 4380(30) 22(3) 
N(3) 3724(2) 4062(2) 3068(1) 18(1) 
N(4) 2418(3) 2778(2) 2957(2) 20(1) 
C(11) 4314(3) 4799(3) 3126(2) 21(1) 
C(12) 5074(3) 4972(3) 2757(2) 22(1) 
C(13) 5240(3) 4350(3) 2310(2) 22(1) 
C(14) 4637(3) 3594(3) 2227(2) 22(1) 
C(15) 3874(3) 3475(3) 2612(2) 18(1) 
C(16) 3130(3) 2749(3) 2552(2) 21(1) 
C(17) 3157(3) 2079(3) 2121(2) 23(1) 
C(18) 2428(3) 1419(3) 2117(2) 25(1) 
C(19) 1710(3) 1422(3) 2533(2) 27(1) 
C(20) 1723(3) 2118(3) 2939(2) 23(1) 
P(1) 1610(1) 4808(1) 3144(1) 20(1) 
C(21) 899(3) 5629(3) 3581(2) 25(1) 
C(22) 722(3) 5440(3) 4166(2) 28(1) 
C(23) 108(4) 6001(3) 4481(2) 32(1) 
C(24) -341(4) 6752(4) 4220(2) 35(1) 
C(25) -166(4) 6954(3) 3640(2) 32(1) 
C(26) 448(3) 6389(3) 3321(2) 26(1) 
C(27) 2288(3) 5540(3) 2642(2) 21(1) 
C(28) 2605(3) 6430(3) 2797(2) 25(1) 
C(29) 3196(4) 6933(4) 2428(2) 32(1) 
C(30) 3478(4) 6564(4) 1896(2) 33(1) 
C(31) 3183(4) 5686(4) 1745(2) 32(1) 
C(32) 2605(3) 5169(3) 2112(2) 25(1) 
C(33) 600(3) 4360(3) 2704(2) 25(1) 
C(34) 373(3) 4660(3) 2146(2) 30(1) 
C(35) -460(4) 4354(4) 1867(2) 38(1) 
C(36) -1072(4) 3734(4) 2136(2) 37(1) 
C(37) -864(4) 3425(4) 2692(2) 38(1) 
C(38) -26(3) 3730(3) 2973(2) 31(1) 
Cl(6) 5242(1) 1880(1) 1252(1) 25(1) 
C(1S) 6759(5) 1544(5) 5539(3) 39(1) 
Cl(1S) 6635(1) 1597(1) 4776(1) 38(1) 
Cl(2S) 7856(1) 2067(1) 5779(1) 39(1) 
C(2S) 965(5) 7309(6) 620(3) 62(2) 
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Cl(3S) 714(2) 6536(1) 1194(1) 69(1) 
Cl(4S) 1664(2) 8266(2) 855(1) 79(1) 
C(3S) 1131(7) 1036(5) 5108(4) 72(2) 
Cl(5S) 1749(2) 1053(2) 5758(1) 80(1) 
Cl(6S) 1377(2) 47(2) 4696(1) 86(1) 
 
 
 
Table A.28. Bond lengths [Å] and angles [deg] for 9-Cl 
  Atoms Bond length Atoms Bond length 
Ru(1)-N(3) 2.031(3) C(12)-H(12) 0.95 
Ru(1)-N(4) 2.062(3) C(13)-C(14) 1.387(6) 
Ru(1)-N(2) 2.080(5) C(14)-C(15) 1.390(6) 
Ru(1)-N(1) 2.095(5) C(14)-H(14) 0.95 
Ru(1)-N(2') 2.10(3) C(15)-C(16) 1.474(6) 
Ru(1)-N(1') 2.25(3) C(16)-C(17) 1.391(6) 
Ru(1)-P(1) .3334(11) C(17)-C(18) 1.387(6) 
Ru(1)-Cl(1) .4281(11) C(17)-H(17) 0.95 
Cl(4)-C(13) 1.737(4) C(18)-C(19) 1.380(7) 
Cl(5)-C(18) 1.733(4) C(19)-C(20) 1.378(6) 
Cl(2)-C(3) 1.726(5) C(19)-H(19) 0.95 
Cl(3)-C(8) 1.745(6) C(20)-H(20) 0.95 
N(1)-C(1) 1.358(7) P(1)-C(27) 1.827(4) 
N(1)-C(5) 1.362(6) P(1)-C(33) 1.839(4) 
N(2)-C(10) 1.344(6) P(1)-C(21) 1.843(4) 
N(2)-C(6) 1.369(7) C(21)-C(26) 1.398(6) 
C(1)-C(2) 1.378(7) C(21)-C(22) 1.402(6) 
C(1)-H(1) 0.95 C(22)-C(23) 1.381(6) 
C(2)-C(3) 1.395(7) C(22)-H(22) 0.95 
C(2)-H(2) 0.95 C(23)-C(24) 1.388(7) 
C(3)-C(4) 1.393(7) C(23)-H(23) 0.95 
C(4)-C(5) 1.382(7) C(24)-C(25) 1.393(7) 
C(4)-H(4) 0.95 C(24)-H(24) 0.95 
C(5)-C(6) 1.468(7) C(25)-C(26) 1.389(7) 
C(6)-C(7) 1.380(7) C(25)-H(25) 0.95 
C(7)-C(8) 1.382(7) C(26)-H(26) 0.95 
C(7)-H(7) 0.95 C(27)-C(28) 1.406(6) 
C(8)-C(9) 1.364(7) C(27)-C(32) 1.408(6) 
C(9)-C(10) 1.388(7) C(28)-C(29) 1.387(7) 
C(9)-H(9) 0.95 C(28)-H(28) 0.95 
C(10)-H(10) 0.95 C(29)-C(30) 1.393(7) 
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Cl(2')-C(3') 1.732(16) C(29)-H(29) 0.95 
Cl(3')-C(8') 1.768(18) C(30)-C(31) 1.380(8) 
N(1')-C(1') 1.361(18) C(30)-H(30) 0.95 
N(1')-C(5') 1.363(17) C(31)-C(32) 1.385(7) 
N(2')-C(10') 1.337(18) C(31)-H(31) 0.95 
N(2')-C(6') 1.375(17) C(32)-H(32) 0.95 
C(1')-C(2') 1.378(18) C(33)-C(34) 1.393(6) 
C(1')-H(1') 0.95 C(33)-C(38) 1.402(7) 
C(2')-C(3') 1.396(18) C(34)-C(35) 1.389(7) 
C(2')-H(2') 0.95 C(34)-H(34) 0.95 
C(3')-C(4') 1.393(18) C(35)-C(36) 1.380(8) 
C(4')-C(5') 1.379(17) C(35)-H(35) 0.95 
C(4')-H(4') 0.95 C(36)-C(37) 1.389(8) 
C(5')-C(6') 1.475(16) C(36)-H(36) 0.95 
C(6')-C(7') 1.391(17) C(37)-C(38) 1.396(7) 
C(7')-C(8') 1.390(17) C(37)-H(37) 0.95 
C(7')-H(7') 0.95 C(38)-H(38) 0.95 
C(8')-C(9') 1.378(17) C(1S)-Cl(1S) 1.772(6) 
C(9')-C(10') 1.384(18) C(1S)-Cl(2S) 1.779(7) 
C(9')-H(9') 0.95 C(1S)-H(1S1) 0.99 
C(10')-H(10') 0.95 C(1S)-H(1S2) 0.99 
N(3)-C(11) 1.349(5) C(2S)-Cl(3S) 1.769(8) 
N(3)-C(15) 1.369(5) C(2S)-Cl(4S) 1.771(8) 
N(4)-C(20) 1.353(5) C(2S)-H(2S1) 0.99 
N(4)-C(16) 1.357(5) C(2S)-H(2S2) 0.99 
C(11)-C(12) 1.374(6) C(3S)-Cl(5S) 1.724(8) 
C(11)-H(11) 0.95 C(3S)-Cl(6S) 1.753(7) 
C(12)-C(13) 1.390(6) C(3S)-H(3S1) 0.99 
  
C(3S)-H(3S2) 0.99 
 
 
Atoms Bond angle Atoms Bond angle 
N(3)-Ru(1)-N(4) 78.87(13) N(3)-C(11)-H(11) 118.6 
N(3)-Ru(1)-N(2) 96.4(3) C(12)-C(11)-H(11) 118.6 
N(4)-Ru(1)-N(2) 168.5(2) C(11)-C(12)-C(13) 118.0(4) 
N(3)-Ru(1)-N(1) 93.6(2) C(11)-C(12)-H(12) 121 
N(4)-Ru(1)-N(1) 91.33(16) C(13)-C(12)-H(12) 121 
N(2)-Ru(1)-N(1) 78.40(18) C(14)-C(13)-C(12) 121.0(4) 
N(3)-Ru(1)-N(2') 95(2) C(14)-C(13)-Cl(4) 120.1(3) 
N(4)-Ru(1)-N(2') 162.4(11) C(12)-C(13)-Cl(4) 118.9(3) 
N(2)-Ru(1)-N(2') 6.2(10) C(13)-C(14)-C(15) 117.6(4) 
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N(1)-Ru(1)-N(2') 72.4(7) C(13)-C(14)-H(14) 121.2 
N(3)-Ru(1)-N(1') 88.6(18) C(15)-C(14)-H(14) 121.2 
N(4)-Ru(1)-N(1') 89.2(6) N(3)-C(15)-C(14) 122.1(4) 
N(2)-Ru(1)-N(1') 80.1(6) N(3)-C(15)-C(16) 114.1(4) 
N(1)-Ru(1)-N(1') 5.1(19) C(14)-C(15)-C(16) 123.8(4) 
N(2')-Ru(1)-N(1') 73.9(9) N(4)-C(16)-C(17) 122.3(4) 
N(3)-Ru(1)-P(1) 90.77(10) N(4)-C(16)-C(15) 114.7(4) 
N(4)-Ru(1)-P(1) 92.24(10) C(17)-C(16)-C(15) 123.0(4) 
N(2)-Ru(1)-P(1) 98.36(13) C(18)-C(17)-C(16) 117.7(4) 
N(1)-Ru(1)-P(1) 174.85(18) C(18)-C(17)-H(17) 121.1 
N(2')-Ru(1)-P(1) 104.5(7) C(16)-C(17)-H(17) 121.1 
N(1')-Ru(1)-P(1) 178.3(11) C(19)-C(18)-C(17) 121.0(4) 
N(3)-Ru(1)-Cl(1) 172.15(10) C(19)-C(18)-Cl(5) 119.4(3) 
N(4)-Ru(1)-Cl(1) 95.76(10) C(17)-C(18)-Cl(5) 119.6(4) 
N(2)-Ru(1)-Cl(1) 87.7(3) C(20)-C(19)-C(18) 117.8(4) 
N(1)-Ru(1)-Cl(1) 80.8(2) C(20)-C(19)-H(19) 121.1 
N(2')-Ru(1)-Cl(1) 88(2) C(18)-C(19)-H(19) 121.1 
N(1')-Ru(1)-Cl(1) 85.6(18) N(4)-C(20)-C(19) 123.0(4) 
P(1)-Ru(1)-Cl(1) 95.18(4) N(4)-C(20)-H(20) 118.5 
C(1)-N(1)-C(5) 117.5(5) C(19)-C(20)-H(20) 118.5 
C(1)-N(1)-Ru(1) 126.9(4) C(27)-P(1)-C(33) 104.0(2) 
C(5)-N(1)-Ru(1) 113.4(4) C(27)-P(1)-C(21) 104.3(2) 
C(10)-N(2)-C(6) 117.0(4) C(33)-P(1)-C(21) 97.3(2) 
C(10)-N(2)-Ru(1) 128.8(4) C(27)-P(1)-Ru(1) 111.82(14) 
C(6)-N(2)-Ru(1) 114.2(4) C(33)-P(1)-Ru(1) 117.74(15) 
N(1)-C(1)-C(2) 123.0(5) C(21)-P(1)-Ru(1) 119.50(15) 
N(1)-C(1)-H(1) 118.5 C(26)-C(21)-C(22) 119.3(4) 
C(2)-C(1)-H(1) 118.5 C(26)-C(21)-P(1) 120.6(3) 
C(1)-C(2)-C(3) 118.4(5) C(22)-C(21)-P(1) 119.7(3) 
C(1)-C(2)-H(2) 120.8 C(23)-C(22)-C(21) 120.0(5) 
C(3)-C(2)-H(2) 120.8 C(23)-C(22)-H(22) 120 
C(4)-C(3)-C(2) 119.7(5) C(21)-C(22)-H(22) 120 
C(4)-C(3)-Cl(2) 119.6(4) C(22)-C(23)-C(24) 120.4(5) 
C(2)-C(3)-Cl(2) 120.7(4) C(22)-C(23)-H(23) 119.8 
C(5)-C(4)-C(3) 118.3(5) C(24)-C(23)-H(23) 119.8 
C(5)-C(4)-H(4) 120.9 C(23)-C(24)-C(25) 120.2(5) 
C(3)-C(4)-H(4) 120.9 C(23)-C(24)-H(24) 119.9 
N(1)-C(5)-C(4) 123.0(5) C(25)-C(24)-H(24) 119.9 
N(1)-C(5)-C(6) 114.6(5) C(26)-C(25)-C(24) 119.6(5) 
C(4)-C(5)-C(6) 122.4(5) C(26)-C(25)-H(25) 120.2 
N(2)-C(6)-C(7) 123.1(5) C(24)-C(25)-H(25) 120.2 
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N(2)-C(6)-C(5) 115.7(4) C(25)-C(26)-C(21) 120.4(4) 
C(7)-C(6)-C(5) 121.1(5) C(25)-C(26)-H(26) 119.8 
C(6)-C(7)-C(8) 117.8(5) C(21)-C(26)-H(26) 119.8 
C(6)-C(7)-H(7) 121.1 C(28)-C(27)-C(32) 118.2(4) 
C(8)-C(7)-H(7) 121.1 C(28)-C(27)-P(1) 122.0(3) 
C(9)-C(8)-C(7) 120.4(5) C(32)-C(27)-P(1) 119.4(3) 
C(9)-C(8)-Cl(3) 120.6(5) C(29)-C(28)-C(27) 120.5(4) 
C(7)-C(8)-Cl(3) 118.9(5) C(29)-C(28)-H(28) 119.8 
C(8)-C(9)-C(10) 118.8(5) C(27)-C(28)-H(28) 119.8 
C(8)-C(9)-H(9) 120.6 C(28)-C(29)-C(30) 120.4(5) 
C(10)-C(9)-H(9) 120.6 C(28)-C(29)-H(29) 119.8 
N(2)-C(10)-C(9) 122.8(5) C(30)-C(29)-H(29) 119.8 
N(2)-C(10)-H(10) 118.6 C(31)-C(30)-C(29) 119.6(5) 
C(9)-C(10)-H(10) 118.6 C(31)-C(30)-H(30) 120.2 
C(1')-N(1')-C(5') 118(2) C(29)-C(30)-H(30) 120.2 
C(1')-N(1')-Ru(1) 126.9(17) C(30)-C(31)-C(32) 120.8(4) 
C(5')-N(1')-Ru(1) 114.4(14) C(30)-C(31)-H(31) 119.6 
C(10')-N(2')-C(6') 117(2) C(32)-C(31)-H(31) 119.6 
C(10')-N(2')-Ru(1) 120.8(19) C(31)-C(32)-C(27) 120.5(4) 
C(6')-N(2')-Ru(1) 121.6(16) C(31)-C(32)-H(32) 119.8 
N(1')-C(1')-C(2') 123(2) C(27)-C(32)-H(32) 119.8 
N(1')-C(1')-H(1') 118.4 C(34)-C(33)-C(38) 118.3(4) 
C(2')-C(1')-H(1') 118.4 C(34)-C(33)-P(1) 124.7(4) 
C(1')-C(2')-C(3') 118.0(19) C(38)-C(33)-P(1) 116.8(3) 
C(1')-C(2')-H(2') 121 C(35)-C(34)-C(33) 121.0(5) 
C(3')-C(2')-H(2') 121 C(35)-C(34)-H(34) 119.5 
C(4')-C(3')-C(2') 119.0(17) C(33)-C(34)-H(34) 119.5 
C(4')-C(3')-Cl(2') 120.8(15) C(36)-C(35)-C(34) 120.2(5) 
C(2')-C(3')-Cl(2') 119.6(15) C(36)-C(35)-H(35) 119.9 
C(5')-C(4')-C(3') 120.3(18) C(34)-C(35)-H(35) 119.9 
C(5')-C(4')-H(4') 119.9 C(35)-C(36)-C(37) 120.0(5) 
C(3')-C(4')-H(4') 119.9 C(35)-C(36)-H(36) 120 
N(1')-C(5')-C(4') 120.9(17) C(37)-C(36)-H(36) 120 
N(1')-C(5')-C(6') 117.3(16) C(36)-C(37)-C(38) 119.8(5) 
C(4')-C(5')-C(6') 121.7(18) C(36)-C(37)-H(37) 120.1 
N(2')-C(6')-C(7') 120.5(18) C(38)-C(37)-H(37) 120.1 
N(2')-C(6')-C(5') 112.2(17) C(37)-C(38)-C(33) 120.7(5) 
C(7')-C(6')-C(5') 127.3(19) C(37)-C(38)-H(38) 119.7 
C(8')-C(7')-C(6') 121(2) C(33)-C(38)-H(38) 119.7 
C(8')-C(7')-H(7') 119.7 Cl(1S)-C(1S)-Cl(2S) 11.8(3) 
C(6')-C(7')-H(7') 119.7 Cl(1S)-C(1S)-H(1S1) 109.3 
C(9')-C(8')-C(7') 117.0(19) Cl(2S)-C(1S)-H(1S1) 109.3 
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C(9')-C(8')-Cl(3') 113(2) Cl(1S)-C(1S)-H(1S2) 109.3 
C(7')-C(8')-Cl(3') 129(2) Cl(2S)-C(1S)-H(1S2) 109.3 
C(8')-C(9')-C(10') 119(2) H(1S1)-C(1S)-H(1S2) 107.9 
C(8')-C(9')-H(9') 120.7 Cl(3S)-C(2S)-Cl(4S) 11.9(4) 
C(10')-C(9')-H(9') 120.7 Cl(3S)-C(2S)-H(2S1) 109.2 
N(2')-C(10')-C(9') 123(2) Cl(4S)-C(2S)-H(2S1) 109.2 
N(2')-C(10')-H(10') 118.4 Cl(3S)-C(2S)-H(2S2) 109.2 
C(9')-C(10')-H(10') 118.4 Cl(4S)-C(2S)-H(2S2) 109.2 
C(11)-N(3)-C(15) 118.4(4) H(2S1)-C(2S)-H(2S2) 107.9 
C(11)-N(3)-Ru(1) 125.3(3) Cl(5S)-C(3S)-Cl(6S) 112.8(4) 
C(15)-N(3)-Ru(1) 116.3(3) Cl(5S)-C(3S)-H(3S1) 109 
C(20)-N(4)-C(16) 118.2(4) Cl(6S)-C(3S)-H(3S1) 109 
C(20)-N(4)-Ru(1) 126.0(3) Cl(5S)-C(3S)-H(3S2) 109 
C(16)-N(4)-Ru(1) 115.4(3) Cl(6S)-C(3S)-H(3S2) 109 
N(3)-C(11)-C(12) 122.9(4) H(3S1)-C(3S)-H(3S2) 107.8 
 
 
Table A.29. Anisotropic displacement parameters (Å
2
 x 10
3
) for 9-Cl 
 
Atom U11 U22 U33 U23 U13 U12 
Ru(1) 22(1) 18(1) 15(1) -2(1) 1(1) -3(1) 
Cl(1) 29(1) 27(1) 22(1) -2(1) 6(1) -6(1) 
Cl(4) 29(1) 30(1) 31(1) -1(1) 10(1) -5(1) 
Cl(5) 36(1) 31(1) 43(1) -22(1) 4(1) -5(1) 
Cl(2) 45(1) 26(1) 34(1) 8(1) -6(1) 1(1) 
Cl(3) 35(1) 24(1) 19(1) -3(1) -6(1) -4(1) 
N(1) 24(3) 19(2) 21(2) -3(2) -3(2) -4(2) 
N(2) 24(3) 20(2) 15(2) 2(2) 2(2) -3(2) 
C(1) 28(2) 20(2) 25(2) -4(2) -2(2) 0(2) 
C(2) 31(2) 24(2) 32(2) -3(2) -5(2) 0(2) 
C(3) 29(2) 22(2) 31(2) 2(2) -6(2) -1(2) 
C(4) 30(2) 25(2) 20(2) 2(2) -5(2) -3(2) 
C(5) 22(2) 22(2) 22(2) 0(2) 0(2) -3(2) 
C(6) 24(3) 20(2) 19(2) 0(2) -2(2) -3(2) 
C(7) 33(3) 25(2) 21(2) 3(2) -3(2) -7(2) 
C(8) 36(4) 24(2) 16(2) -1(2) 1(2) -9(2) 
C(9) 29(4) 21(2) 21(2) -2(2) 3(2) -2(2) 
C(10) 28(2) 19(2) 17(2) -1(2) 0(2) -1(3) 
Cl(2') 45(1) 26(1) 34(1) 8(1) -6(1) 1(1) 
Cl(3') 35(1) 24(1) 19(1) -3(1) -6(1) -4(1) 
N(3) 20(2) 18(2) 16(2) -2(1) -2(1) 0(1) 
N(4) 23(2) 18(2) 18(2) -2(1) 1(1) -3(1) 
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C(11) 24(2) 20(2) 18(2) -2(2) -1(2) -3(2) 
C(12) 23(2) 23(2) 22(2) 1(2) -1(2) -3(2) 
C(13) 21(2) 25(2) 19(2) 2(2) 3(2) -2(2) 
C(14) 26(2) 20(2) 19(2) 0(2) 1(2) 3(2) 
C(15) 19(2) 18(2) 17(2) -1(2) -1(2) 1(2) 
C(16) 22(2) 18(2) 22(2) -1(2) -2(2) 0(2) 
C(17) 23(2) 23(2) 23(2) -3(2) 1(2) 1(2) 
C(18) 29(2) 21(2) 24(2) -6(2) -4(2) 1(2) 
C(19) 24(2) 22(2) 35(2) -3(2) -2(2) -4(2) 
C(20) 24(2) 22(2) 23(2) -4(2) 1(2) -6(2) 
P(1) 23(1) 21(1) 16(1) -3(1) 2(1) 0(1) 
C(21) 27(2) 23(2) 25(2) -5(2) 3(2) 0(2) 
C(22) 35(2) 28(2) 22(2) -3(2) 6(2) 2(2) 
C(23) 41(3) 31(2) 25(2) -6(2) 11(2) 2(2) 
C(24) 38(3) 31(3) 37(3) -8(2) 11(2) 2(2) 
C(25) 34(3) 29(2) 34(3) -2(2) 2(2) 4(2) 
C(26) 26(2) 25(2) 28(2) -2(2) 0(2) 0(2) 
C(27) 23(2) 23(2) 16(2) 3(2) 0(2) 4(2) 
C(28) 27(2) 28(2) 21(2) 3(2) 0(2) 2(2) 
C(29) 32(2) 33(3) 32(2) 6(2) 0(2) -2(2) 
C(30) 32(2) 37(3) 32(2) 12(2) 6(2) 1(2) 
C(31) 37(3) 37(3) 22(2) 5(2) 8(2) 10(2) 
C(32) 29(2) 25(2) 20(2) 0(2) 1(2) 7(2) 
C(33) 23(2) 28(2) 25(2) -8(2) -2(2) 4(2) 
C(34) 30(2) 34(3) 26(2) -2(2) -1(2) 6(2) 
C(35) 39(3) 46(3) 31(3) -7(2) -10(2) 12(2) 
C(36) 28(2) 42(3) 41(3) -14(2) -8(2) 4(2) 
C(37) 28(2) 40(3) 45(3) -9(2) -2(2) -5(2) 
C(38) 23(2) 37(3) 32(2) -2(2) 0(2) -2(2) 
Cl(6) 32(1) 24(1) 19(1) 0(1) 2(1) 7(1) 
C(1S) 49(4) 39(3) 28(3) 3(2) 9(3) -5(3) 
Cl(1S) 45(1) 37(1) 32(1) -5(1) 1(1) -9(1) 
Cl(2S) 45(1) 40(1) 31(1) -2(1) -6(1) 4(1) 
C(2S) 50(4) 81(5) 55(4) 2(4) 10(3) 6(4) 
Cl(3S) 73(1) 55(1) 79(1) 17(1) 0(1) 14(1) 
Cl(4S) 76(1) 86(2) 75(1) -3(1) 31(1) -18(1) 
C(3S) 95(6) 53(4) 69(5) -17(4) -16(4) 23(4) 
Cl(5S) 91(2) 89(2) 59(1) 9(1) 1(1) 29(1) 
Cl(6S) 99(2) 68(1) 92(2) -18(1) -6(1) 19(1) 
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Table A.30. Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters (Å
2
       
x 10
3
) for 9-Cl 
Atom       x                      y                    z              U(eq) 
H(1) 3517 1699 3577 30 
H(2) 4079 654 4260 35 
H(4) 3990 2705 5465 30 
H(7) 4090 4142 5546 31 
H(9) 3265 6596 4874 28 
H(10) 2746 5834 4042 26 
H(1') 3714 1718 3488 29 
H(2') 4713 754 4027 33 
H(4') 4869 2773 5246 32 
H(7') 4382 4175 5524 28 
H(9') 3500 6538 4789 28 
H(10') 2647 5674 4105 26 
H(11) 4199 5218 3436 25 
H(12) 5473 5501 2807 27 
H(14) 4742 3173 1917 26 
H(17) 3658 2074 1839 28 
H(19) 1222 959 2538 32 
H(20) 1222 2136 3221 27 
H(22) 1025 4925 4347 34 
H(23) -8 5872 4878 39 
H(24) -769 7130 4438 42 
H(25) -464 7475 3464 39 
H(26) 561 6519 2924 31 
H(28) 2412 6689 3157 30 
H(29) 3410 7531 2538 39 
H(30) 3870 6916 1640 40 
H(31) 3380 5433 1384 39 
H(32) 2421 4560 2005 30 
H(34) 794 5079 1955 36 
H(35) -609 4572 1489 46 
H(36) -1636 3519 1941 44 
H(37) -1290 3007 2880 45 
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H(38) 122 3509 3350 37 
H(1S1) 6748 890 5664 46 
H(1S2) 6202 1861 5721 46 
H(2S1) 346 7534 453 74 
H(2S2) 1321 6977 312 74 
H(3S1) 1310 1590 4881 87 
H(3S2) 425 1067 5185 87 
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